Roles of protons and structure in electron-transfer reactions of DNA and RNA by Holcomb, Dana Renee
 ROLES OF PROTONS AND STRUCTURE IN ELECTRON-
TRANSFER REACTIONS OF DNA AND RNA 
Dana Renee Holcomb 
A dissertation submitted to the faculty of the University of North Carolina at Chapel Hill in 
partial fulfillment of the requirements for the degree of Doctor of Philosophy in the 
Department of Chemistry. 
Chapel Hill 
2009 
 
 
Approved by: 
H. Holden Thorp 
Linda L. Spremulli 
Dorothy A. Erie 
Thomas J. Meyer 
Marcey L. Waters 
 ii 
ABSTRACT 
 
Dana Renee Holcomb: Roles of Protons and Structure in Electron-Transfer Reactions of 
DNA and RNA 
(Under the direction of H. Holden Thorp) 
   
The electron-transfer chemistry of DNA is a well-studied phenomenon; however, the 
mechanism of electron transfer is still unclear.  Similar base oxidation pathways are thought 
to occur in both DNA and RNA; yet the electron-transfer chemistry of RNA has been studied 
in far less detail than that of DNA.  Here, we study the role protons have on the electron-
transfer chemistry of DNA to help identify its mechanism.  We also examine how transition 
metal complexes can better characterize the structure of nucleotides, how those structures 
influence electron-transfer chemistry, and the specificities of oxidation.   
The transition metal complexes that are being studied include the following 
ruthenium complexes, which have different binding modes and electronic properties: 
Ru(bpy)32+ (bpy = bipyridine), Ru(tpy)(bpy)O2+ (tpy = 2,2′,2′′-terpyridine), Ru(bpz)32+ (bpz = 
2,2′-bipyrazyl), and Ru(bpy)2(dppz)2+ (dppz = dipyrido [3,2-a:2′,3′-c] phenazine).  For 
proton-DNA studies, we will be using a simple DNA strand consisting of fifteen base pairs 
for comparison of the electrochemical techniques of cyclic voltammetry and digital 
simulation with the flash-quench technique.  In order to better compare the electron-transfer 
chemistry that is occurring in both DNA and RNA, we will be using sequences based off of 
the human ferritin iron responsive elements (IREs) RNA.  The human ferritin IRE RNA is a 
 iii 
well-studied hairpin loop RNA that has a primary role in the regulation of ferritin and iron in 
the cell.  Our lab has also developed a mutated ferritin IRE (MIRE), which has a more rigid 
structure but still contains the hairpin loop feature.  The DNA used for comparison is based 
off of the template used for the transcription of IRE RNA and MIRE RNA. 
 After the ruthenium complexes’ oxidation of DNA is confirmed and specified, these 
complexes’ oxidation will be tested on RNA.  Here, we show that transition metal complexes 
can oxidize RNA very similarly to DNA.  We also show that some of these complexes, 
depending on their electronic properties, can footprint small molecules or proteins bound to 
RNA, which is useful for drug targeting-RNA studies.  These oxidation studies of various 
nucleotides are also important due to their implications in aging, cancer, atherosclerosis, and 
neurological disorders.   
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Chapter 1 
Introduction to Electron-Transfer Reactions of DNA and RNA 
 
1.1 The Nucleotide Bases 
 DNA consists of the four natural nucleotide bases: adenine (A), thymine (T), cytosine 
(C), and guanine (G), and RNA consists of the natural nucleotide bases: adenine, cytosine, 
guanine, and uracil (U).  Adenine and guanine are purines, and cytosine, thymine, and uracil 
are pyrimidines.  When a sugar and a phosphate attach to these nucleobases, nucleotides form 
that normally base-pair as Watson-Crick base pairs: A·T and A·U with two hydrogen bonds, 
and as G·C with three hydrogen bonds (Figure 1.1).  Apart from these natural nucleotide 
bases, there are also modified nucleobases that can be incorporated into DNA or RNA.  
Modified purine nucleosides (a nucleobase bound to a sugar) include inosine (I), 
xanthinosine (X), and 7-methylguanosine (m7G) and modified pyrimidine nucleosides 
include pseudouridine (Ψ), dihydrouridine (D), and 5-methylcytidine (m5C) (Figure 1.2).1, 2  
Alternatively to Watson-Crick base pairing, nucleotides may also base pair as Hoogsteen or 
reverse Hoogsteen base pairs, or as wobble base pairs.1, 2  The main wobble base pairs that 
form are between: guanine-uracil, inosine-uracil, inosine-adenine, and inosine-cytosine 
(Figure 1.3). 
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Figure 1.1.  The Watson-Crick base pairs of deoxyribonucleotides and ribonucleotides. 
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Figure 1.2.  The chemical structures of the modified nucleosides. 
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Figure 1.3.  The wobble base pairs.  
 
1.2 The Nucleic Acids 
A nucleic acid consists of a sequence of adjacent nucleotides bound together by ester 
bonds in the sugar-phosphate backbone forming a strand.  A double-stranded nucleic acid 
consists of two strands base-paired so that they are antiparallel to each other.  The most 
common form of DNA, B-DNA, consists of two strands binding to each other to form a 
right-handed twist along 3′ → 5′-phosphodiester linkages to create a major groove and a 
minor groove (Figure 1.4).  Other forms of double-stranded DNA exist such as A-DNA 
(deep and narrow major groove, broad and shallow minor groove) and Z-DNA (left-handed; 
shallow major groove, narrow and deep minor groove).1, 2  Although RNA is usually single-
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stranded, it can form an A-form double-stranded structure which has a deep major groove 
that is narrower and deeper than that found with A-DNA and contains the discriminatory 
edges of the nucleobases and thus is less conducive to small molecule binding3, 4 and a 
shallow minor groove with 2′-hydroxyl groups present (Figure 1.5).5 
 
Figure 1.4.  The structure of B-DNA. 
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Figure 1.5.  The structure of the A-form of double-stranded RNA. 
 
Not only do DNA and RNA form double-stranded structures, they can form structural 
regions within the double-strands termed secondary structures.  One such DNA structure that 
can form, which the Thorp lab has extensively studied, is bent DNA that is formed from A-
tracts composed of four to six adenines or thymines in a row, repeated in phase with the 
DNA helix, causing the DNA to bend towards the minor groove (Figure 1.6A).6  Sequences 
that are repeated in DNA are bulged out resulting in slipped structures (Figure 1.6B), which 
have been found upstream of some regulatory sites.  Trinucleotide repeats occur as a result of 
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DNA mutations produced by slipped structures and can cause genetic disorders such as the 
Fragile X syndrome and neurodegenerative disorders like Huntington’s disease.2, 7  
Cruciforms form from intra-strand base-pairing, generating two stems and two hairpins from 
palindromes (Figure 1.6C).2   
Lastly, the Thorp lab has also studied guanine quartets which occur when triple 
guanine repeats fold back onto themselves to form four-stranded structures stabilized by 
monovalent cations.  These structures form telomeres at the ends of eukaryotic chromosomes 
that protect the chromosome from disease and degradation; however, shortening of the 
telomere occurs with age and can cause cancer and DNA damage (Figure 1.6D). 8,9, 10  Triple 
strand helices can occur in both DNA and in RNA by Hoogsten or reverse Hoogsteen base 
pairing (Figure 1.6E).2  Triplex DNA plays a role in gene regulation by causing DNA 
replication to pause or stop when the polymerase reaches these formations.  Triplex DNA 
was also the focus for anti-gene technology.11  In anti-gene technology, a strand of DNA is 
specifically designed to hybridize a double-stranded DNA sequence, forming a triplex that 
can inhibit the transcription process.12 
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Figure 1.6.  Secondary structures that can be formed by nucleotide strands: (A) bent A-tract 
DNA, (B) slipped structure formed by DNA, (C) cruciform structure of DNA, (D) 
quadruplex structure of DNA, (E) triplex structure of DNA or RNA, and (F) the hairpin loop 
structure of DNA or RNA.  Figures are adapted from references 13 and 14.13, 14 
 
 
Complementary or semi-complementary base-pairing in both DNA and RNA usually 
lead to the formation of B-DNA and A-form RNA;2 however, sometimes the DNA and RNA 
strands can fold back on themselves and form self-complementary base-pairs.  In both of 
these instances there can be regions where bases are unpaired which are termed bulges when 
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there is a single unpaired base and internal loops when there are multiple unpaired bases 
(Figure 1.7A and B).15  In RNA, these secondary structures are important as they produce 
defined regions suitable for binding to other RNAs, proteins, and small metabolites.16, 17  
Internal loops are important in tertiary interactions of RNA18, 19 and protein recognition.20  
Hairpin loops can also occur in both DNA and RNA when one strand has folded back on 
itself (Figures 1.6F).2, 15  In RNA, hairpin loops were first reported in tRNA2 and have since 
been found in regulatory elements such as the transactivation responsive region (TAR) 
involved in human immunodeficiency virus (HIV) replication21 and iron responsive elements 
(IREs) that regulate proteins involved in iron homeostasis (see Chapters 3, 4, and 5).22   
An example of another structural element found in RNA can be seen via tRNA.  
Although initially, tRNA was the first RNA to be found with hairpin loops,2 the structure of 
tRNA is far more complex.  The tRNA consists of three hairpin loops, internal loops, and can 
fold back on itself to form a tertiary structure (Figure 1.7C).  Much like other hairpin loop 
structures of RNA, this complex structure is a very important regulatory element. 
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Figure 1.7.  Examples of structures formed by the nucleotide strands: (A) an internal loop 
structure, (B) a bulge region, and (C) the secondary structure of tRNAPhe (to the left of the 
arrow) that forms a tertiary structure when it folds back on itself, represented by the ribbon 
diagram (to the right of the arrow).  The structures in (C) are only formed by RNA. 
 
 
1.3 Nucleic Acid Reactivity  
 The oxidation of nucleotides has been studied extensively and is implicated in aging, 
cancer, atherosclerosis, and neurological disorders.23-27  Base oxidation pathways are similar 
in both DNA and RNA.  Damage of the nucleotide can occur in two ways: at the sugars 
through hydrogen abstraction, or at the nucleobase via radical reactions or electron transfer.23, 
28, 29  Sugar oxidation occurs nearly five times slower in RNA than in DNA due to the 
stabilizing effect of the 2′-hydroxyl present in the ribose sugar;30-33 and, therefore, can be 
disregarded as the preferred oxidation pathway.  The phosphodiester bond of RNA; however, 
is much more susceptible to hydrolytic cleavage.2, 3, 15, 34, 35   
Differences in the rates of oxidation occur at the nucleobase level.  The oxidation 
potentials (vs. SCE) of each nucleobase are: G = 1.05 V, A = 1.2 V, T = C = 1.44 V.36  
Lower oxidation potentials reflect the ease of oxidation; therefore, the reactivity of the 
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nucleobases toward oxidation is of the order G > A > C ≈ T.36  Thus the order of reactivity 
dictates that guanine has the lowest oxidation potential of the nucleobases.  It is thus not 
surprising that the majority of base damage occurs in vivo at guanine residues.  However, 
nucleotide damage can be dependent on the nucleotide environment (such as secondary and 
tertiary structure) and adjacent nucleotides.  Guanine oxidation has been found to be 
sequence-specific and its reactivity follows the order of 5′-GGGG-3′ > 5′-GGG-3′ > 5′-GG-3′ 
> 5′-GA-3′ > 5′-GT-3′ ≈ 5′-GC-3′ where the principle cleavage sites are underlined.23   
The one-electron oxidation of guanine in DNA and RNA produces a guanine radical 
cation (Scheme 1.1A and B).23  This radical cation is a relatively strong acid (pKa = 3.9)37 
and in one possible mechanism, can undergo rapid deprotonation to generate a neutral 
guanine radical (Scheme 1.1A).  After addition of oxygen, imidazolone and oxazolone are 
produced.  In another possible mechanism of reaction, the guanine radical cation can become 
hydrated followed by one-electron oxidation to form 8-oxo-guanine, which then further 
degrades to form imidazolone and oxazolone (Scheme 1.1B).23  The only degradation 
product of this mechanism that has been detected in vivo and has become an important 
indicator of DNA damage is 8-oxo-guanine.38  When guanine is not base-paired or its sugar 
is not bound to phosphate, guanine oxidation is expected to produce imidazolone and 
oxazolone without the production of 8-oxo-guanine.  When the guanine is base-paired, 
guanine oxidation occurs with the production of 8-oxo-guanine.23  
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Scheme 1.1.  Schematic of the proposed mechanism of guanine oxidation (adapted from 
Burrows).23 
 
 
In order to visualize any oxidative damage (via polyacrylamide gel electrophoresis 
(PAGE) or other methods) that occurred at a nucleobase, strand scission must occur which is 
usually a result of alkaline treatment.23  For DNA, this usually occurs through the use of 
piperidine, and for RNA, aniline.  Alkaline treatment of DNA causes hydrolysis of the 
glycosidic bond, leaving an abasic site, which can undergo β-elimination of the 3′-
phosphate.23  In RNA, alkaline treatment occurs by hydrolysis of the phosphodiester linkages 
which are sensitive to alkaline hydrolysis due to the presence of the 2′-hydroxyl; its 
hydrolysis occurs faster than the hydrolysis of the glycosidic bond that occurs with DNA.23   
A 
B
13 
 
1.4 Transition Metal Complexes and Nucleic Acids 
 Oxidation of nucleotides can occur by a variety of oxidants including chemicals such 
as transition metal complexes.39, 40  Transition metal complexes interact with nucleotide 
strands via three binding modes: electrostatic binding, groove binding, and intercalation,41 
much like small molecule interactions with DNA or RNA.  Binding is governed by the 
ligands of the transition metal complex and the structure of the nucleotide strand.  Some 
ligands that can affect binding of the transition metal complex include bipyridine (bpy), 
phenanthroline (phen), and dipyridophenazine (dppz).  While oxidation of DNA by transition 
metal complexes containing iron23 and nickel42 have been well-studied, DNA oxidation by 
ruthenium transition metal complexes are perhaps the most well-studied of the transition 
metal complexes.23, 43, 44 
 The binding mode of the transition metal complex has a direct effect on the oxidation 
of the nucleotide (Figure 1.8).  The Ru(bpy)32+ complex is a common example of an 
electrostatic binder and its binding is dependent on the environmental ion concentration.8, 45-
47  Electrostatic binding is the weakest of the binding modes (Figure 1.8A).  Groove binding 
can occur in either the major groove, which can accommodate larger molecules, or in the 
minor groove of DNA; however, major groove binders are unable to bind in the major 
grooves of RNA since the grooves are narrower than those found in DNA and contain the 
discriminatory edges of the nucleobases.1-4  An example of a transition metal complex that is 
a major groove binder of DNA is Ru(TMP)32+ (TMP = 3,4,7,8-tetramethylphenanthroline), 
which was designed as a hydrophobic groove binder to selectively fit only in the major 
groove of DNA.48  The Ru(phen)32+ complex is a minor groove-binder, as determined by 1H 
nuclear magnetic resonance (NMR),49 as is Ru(tpy)(bpy)O2+ (tpy = 2,2′,2′′-terpyridine) 
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(Figure 1.8B).50, 51  The strongest binding mode is intercalation.  When a small molecule or 
transition metal complex intercalates into DNA, it unwinds the helix to allow its planar 
aromatic ligands to insert between the base stacks (Figure 1.8C).2  Square planar (cisplatin) 
and octahedral (Ru(bpy)2(dppz)2+) metallointercalators typically bind in the major groove, 
whereas small molecule intercalators such as ethidium bromide bind in the minor groove.41, 
52-54 
 
Figure 1.8.  The binding modes of transition metal complexes to DNA: (A) electrostatic 
binding in green, (B) groove binding in red, and (C) intercalation in yellow.  Figure is 
adapted from references 13 and 55.13, 55  
 
 
A 
C
B
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 Ruthenium transition metal complexes have mostly been studied as DNA oxidants as 
discussed in later chapters;6, 8, 13, 23, 43-47, 50, 52-54, 56 however, RNA oxidation by these 
ruthenium complexes has not been well-characterized.  In later chapters, we look at current 
and previous structural studies of DNA and RNA that illustrate how these transition metals 
can be used as chemical nucleases to characterize the structure of nucleotide strands, and 
how different ruthenium complexes exhibit different specificities of oxidation.  Thus, 
transition metals can be powerful tools in the determination of nucleic acid structures, 
especially when coupled with classical techniques such as crystallography and NMR.  
Particularly RNA where structure determination through crystallographic and NMR 
techniques is extremely difficult,57 an advantage of using chemical techniques (including the 
use of transition metal complexes) and enzymatic techniques is the smaller quantity of RNA 
required for analysis.58  An additional advantage of using transition metal complexes is the 
ability to chemical modify (or “tune”) the ligands or the metal complexes to identify specific 
structural features of the nucleotides. 
 
1.5 Chemical and Enzymatic Mapping Techniques for Nucleic Acids 
 To study the structures of DNA and RNA or the binding of small molecules or 
proteins to these structures, mapping experiments are commonly used with either enzymatic 
or chemical cleavage reagents.  Binding of small molecules or proteins to the nucleotide 
strand is detected by footprinting.  Once the small molecule or protein is bound to the 
nucleotide strand, nucleotides are cleaved by a cleavage agent at different positions of the 
nucleotide depending on the cleavage agent’s specificity.  Portions of the nucleotide strand 
that are bound to the small molecule or protein will show reduced or no cleavage on PAGE, 
16 
 
these uncut areas are identified as bound to the small molecule or protein.1, 2  Both enzymatic 
and chemical experimental conditions preserve the structure of the nucleotide strand and do 
not interfere with small molecule or protein binding to the DNA or RNA.  However, there are 
advantages and disadvantages to each cleavage agent and these must be considered when 
planning an experiment, but their combined use can also give complimentary information 
important for determining the overall polynucleotide structure.59  
1.5.1 Enzymatic Mapping Techniques  
Enzymatic mapping techniques include the use of the nucleases, DNases and RNases, 
for selective enzymatic degradation and are well-known for their ability to footprint small 
molecules and proteins bound to DNA or RNA.1, 2, 60-67  Advantages of using enzymes are 
that the conditions used are more similar to the physiological conditions unlike those used in 
chemical mapping, and their reaction conditions are well-studied and defined to only allow 
single hit kinetics to occur.59  The larger sizes of the nucleases also give them an advantage as 
their activities can be more easily blocked by a protein or small molecule bound to DNA or 
RNA, making them efficient footprinting agents.1, 2, 59 
Enzymatic cleavage agents have a disadvantage for DNA, as there is only one 
commercially available DNase, DNase I, that cleaves non-specifically.1, 2  However, there are 
numerous RNases, that cover a wide range of cleavage specificities.68  Some common 
RNases are: RNase T1 which cleaves unpaired guanosines, RNase A which cleaves unpaired 
cytidines and uridines, RNase I which is non-sequence specific can cleave unpaired residues, 
and RNase V1 which is also non-sequence specific can cleave all base-paired nucleotides.1, 2, 
60-67 
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1.5.2 Chemical Mapping Techniques 
 Chemical mapping techniques take advantage of a wide range of chemicals that can 
cleave polynucleotides, allowing a wide-range of cleavage specificities.  Many chemical 
reagents work with both DNA and RNA allowing a direct comparison between them.  The 
chemical reagents are smaller than the nucleases, allowing them to intimately react with the 
polynucleotide.68  Some examples of the chemical reagents which oxidize the nucleobases 
are dimethyl sulfate, which methylates guanine, diethyl pyrocarbonate, which primarily 
targets purines but can oxidize cytosine, and potassium permanganate, which oxidizes 
primarily thymine.69, 70  Other chemical reagents that oxidize the phosphodiester backbones 
of polynucleotides71 are hydroxyl radicals, which cause non-specific cleavage,68, 72-74 and 
transition metal complexes, which have a wide array of specificities of cleavage.8, 23, 30, 50, 71, 
75-84  
Transition metal complexes, or metallonucleases, have the added advantage of being 
able to change the metal complex or the ligands in order to obtain the required binding and 
specificity of oxidation.  Metallonucleases and DNA interactions have been studied 
previously and in the following chapters; however, metallonuclease and RNA interactions 
have not been studied in detail. 6, 8, 13, 23, 30, 43-47, 50, 52-54, 56, 71, 75-84  Although, it is assumed that 
many of these complexes react similarly with RNA as with DNA.   
In DNA, the transition metal complexes can cause oxidation of the nucleotide directly 
due to the formation of an excited state of the complex that can be generated chemically or 
electrochemically.  Alternatively, the formation of the excited state can be generated 
photochemically, if the chromophore of the photocleavage agent is sensitive to light greater 
than 300 nm wavelength.  This can be advantageous as selective oxidation of the 
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polynucleotide does not occur until the sample is irradiated, allowing better experimental 
control of the oxidation.75  In the following chapters we will further explore the oxidation of 
DNA and RNA with metallonucleases. 
 
1.6 Iron Responsive Elements (IREs) 
 Many of the DNA and RNA sequences used in the following chapters are based on 
the human ferritin IRE RNA sequence.  Ferritin, the iron (Fe) storage protein, and transferrin, 
the iron transport protein, are essential for cellular regulation of iron.  Iron is an essential 
nutrient, yet the presence of too much iron in the cell is toxic.85  Furthermore, if iron is free in 
the cell (at physiological pH iron is found as the ferric ion, Fe3+) it can react with oxygen to 
produce toxic free radicals that can damage DNA, proteins, and other cellular components.  
Therefore, iron is tightly regulated by the cell through iron homeostasis by three major 
processes: intestinal absorption, interorgan transport and uptake, and cellular utilization.86  
Here, we focus on the cellular utilization of iron. 
1.6.1 Cellular Utilization  
Figure 1.9 shows the regulation of iron in the cell via the transferrin-mediated 
endocytosis pathway.87  For iron to enter the bloodstream the ferric iron needs to be safely 
bound to a transporter protein, apo-transferrin (APO-Tf), to prevent the production of toxic 
free radicals.  Once iron is bound to the apo-transferrin this protein-iron complex is termed 
holo-transferrin (HOLO-Tf).  The holo-transferrin complex can then bind to transferrin 
receptors (TfR) that are on the cell surface.  Once the holo-transferrin complex is bound to 
the transferrin receptor a clathrin-coated pit forms around the complex and are endocytosed 
into the cell as an endosome.  Inside the cell, the clathrin-coat is lost and the endosomes are 
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acidified to pH 5.5 through a proton pump.  The increased acidity causes the conformation of 
the holo-transferrin complex to change, releasing the bound iron which is converted from 
Fe3+ to Fe2+ (the ferrous ion) into the cell.  The ferrous ion is transported into cytoplasm and 
either is used by the cell or is stored by binding to ferritin.  Ferritin stores the iron until the 
cellular concentration of iron is low, at which time the ferritin releases its stored iron into the 
cell.88  The apo-transferrin and transferrin receptor recycle back to the cell surface for further 
use in iron binding and uptake by the cell.86, 87   
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Figure 1.9.  A schematic representation of the transferrin-mediated endocytosis pathway for 
cellular iron transport.  The holo-transferrin (HOLO-Tf) binds to the transferrin receptor 
(TfR) and is brought into the cell via clathrin-coated pits to form endosomes.  The 
endosomes become acidified through proton pumps, which causes a conformational change 
in the transferrin protein and iron to be released for cellular use or stored by ferritin.  The 
apo-transferrin and the transferrin receptor are recycled back to the cell surface.  Adapted 
from references 87 and 89.87, 89   
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1.6.2 Regulation of Ferritin and Transferrin by Iron Responsive Elements (IREs) 
 Not only is the iron tightly regulated by the cell, but the proteins that regulate iron are 
also regulated.  Ferritin and transferrin synthesis is rigorously regulated by the cell through 
modulation of transcription, mRNA stability, translation and post-translational modifications.  
When the iron concentration inside a cell is low, transferrin receptor synthesis is up-
regulated.  The newly synthesized transferrin receptor protein is transported to the cell 
surface to bind extracellular iron to bring into the cell, while ferritin synthesis is down-
regulated.  In cases of high cellular iron, the transferrin receptor synthesis is down-regulated 
and ferritin synthesis is increased.  Ferritin binds and stores the extra iron.  Currently, the 
best characterized regulatory mechanism for transferrin and ferritin is post-transcriptional 
regulation.90   
In post-transcriptional regulation, transferrin and ferritin synthesis are regulated by 
trans-acting iron regulatory proteins (IRPs) and iron responsive elements (IREs).  There are 
two IRPs: IRP1, which is involved in basal iron homeostasis, and has a similar activity and 
structure to that of the mitochondrial aconitase,91 and IRP2, which is the predominant post-
transcriptional regulator of ferritin and transferrin.  However, both IRPs are involved in gene 
regulation in response to the cellular iron concentrations.92  
A number of genes that code for proteins involved in iron homeostasis contain a non-
coding sequence of 28-30 nucleotides in the untranslated regions (UTRs) of mRNA called 
the IREs that act as IRP binding sites.93-95  The IREs are highly conserved hairpin loop RNA 
structures containing a hexaloop with the sequence 5′-C14A15G16U17G18N -3′ where N can be 
A, C, or U (Figure 1.10).96  The hexaloop contains a C14-G18 base pair across the loop which 
helps stabilize the loop structure, whereas G16 is flipped out and solvent exposed as found by 
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NMR,22, 97-99 crystallography100 and chemical cleavage studies.58, 79, 101  The IRP proteins 
have a high binding affinity for the hairpin loop, allowing nucleotides 15-17 to be accessible 
for protein binding.102  The ferritin IRE RNA has internal bulges in the stem region made 
where U6 and C8 remain unpaired and the transferrin IRE has only one unpaired base that is 
bulged in the stem at C8. 
 
Figure 1.10.  Structure of the human ferritin iron responsive element (IRE):  (A) secondary 
structure of the human ferritin IRE as predicted by Mfold103, 104 and RNAstructure 4.2,105 and 
(B) NMR structure of the human ferritin IRE.106  The residues in blue form the hairpin loop 
and green residues form the internal bulge.  The PDB accession number is 1AQO and these 
figures are adapted from references 89 and 106.89, 106  
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the cell has a low iron concentration, IRPs bind to the IREs in the 3′ UTR, protecting the 
transferrin mRNA transcript from endonucleolytic cleavage and degradation and allowing the 
transferrin receptor to be synthesized which then cycles back to the cell membrane to 
transport iron into the cell (Figure 1.11A).93  When the cell has a high iron concentration, 
IRPs are unable to bind to the IREs due to proteosomal cleavage of IRP2 or the iron-sulfur 
cluster formation in IRP1, thus allowing cleavage and degradation of the transcript.  
Therefore, no transferrin receptor proteins are synthesized (Figure 1.11B).107-109 
 
Figure 1.11.  Schematic representation of transferrin translational regulation by IRP binding.  
(A) In iron-depleted cells, IRP binds to the IRE and protects the IRE from degradation and 
transferrin is synthesized.  (B) Under high cellular iron concentrations, the IRP does not bind 
the IRE and the IRE is degraded, preventing transferrin synthesis.  Adapted from reference 
106.106  
 
 
Ferritin synthesis is regulated at the post-transcriptional level by ferritin mRNA 
which contains one copy of the IRE in the 5′ UTR (Figure 1.12).  In cases of low cellular 
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iron concentration the IRP binds to the IRE which prevents the 40S ribosomal subunit from 
binding to the mRNA thereby inhibiting the translation of the ferritin mRNA transcript, and 
subsequent synthesis of ferritin.  When the concentration of iron in the cell is high, the IRP is 
unable to bind to the IRE and translation of the ferritin mRNA transcript can occur and 
ferritin is synthesized, promoting iron storage.110, 111 
 
Figure 1.12.  Schematic representation of ferritin translational regulation by IRP binding.  In 
iron-depleted cells, IRP binds to the IRE and interferes with translation initiation by the 
ribosome.  Under high cellular iron concentrations, the IRP does not bind the IRE and the 
ribosome can translate the mRNA to synthesize ferritin.  Adapted from reference 106.106 
  
In many of the following studies we will further explore the oxidation of DNA and 
the IRE element of RNA with metallonucleases using the human ferritin IRE RNA sequence, 
a mutated form of the human ferritin IRE (MIRE), in which the U6 and C8 were deleted from 
the sequence, and the DNA transcripts of these sequences: IRE DNA and MIRE DNA. 
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1.7 Dissertation Focus 
This dissertation focuses on how protons and structures of DNA and RNA affect their 
oxidation and differences in oxidation specificity that occur upon DNA and RNA oxidation 
with different ruthenium complexes.  In Chapter 2, we examine the role that protons have on 
the mechanism of guanine oxidation using Ru(bpy)32+ oxidation and the flash-quench method 
with Ru(bpy)32+.  Studies in Chapter 3 examine how the structure of DNA influences its 
oxidation by different ruthenium complexes, shows the different specificities of oxidation 
that the ruthenium complexes may have, and how oxidation by ruthenium complexes may 
give a better understanding of the DNA conformation occurring in vitro, rather than the 
mathematical algorithms that calculate the structure by free energies.   Studies in Chapters 4 
and 5 compare the oxidation of DNA in Chapter 3 using different ruthenium complexes with 
RNA oxidation by identical ruthenium complexes.  Here, we show that RNA can be oxidized 
by the same ruthenium complexes and methods as used with DNA, and we study the ability 
of the ruthenium complexes to footprint small molecules, that may be potential RNA drug 
therapeutics.  Similarly to Chapter 3, in Chapters 4 and 5, we also examine the influence of 
structure on RNA oxidation, and the ability of the transition metal complexes to predict RNA 
conformation. 
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 Chapter 2 
The Role of Protons in Electron-Transfer Reactions of DNA 
 
2.1 Introduction 
2.1.1 Electron-Transfer Chemistry of DNA 
DNA oxidation has been well studied and the Thorp lab as well as other labs have 
studied many variations of DNA such as in triplexes,1, 2 quadruplexes,3-6 bent A-tracts,7 
DNA:RNA hybrids,8, 9 nucleobase modifications6, 10-17 and mutations.13, 18  However, it is still 
unclear what electron-transfer mechanism DNA oxidation undergoes. 
2.1.1.1 Guanine Oxidation 
Of the DNA nucleobases, guanine has the lowest one-electron redox potential (1.05 V 
vs SCE)19, making guanine a major focus in the study of oxidative damage in DNA.  Under 
physiological conditions, the oxidation of guanine is accompanied by a loss of two electrons 
and one proton.11, 13-17, 20-24  However, the mechanism of these transfers is highly debated.  
Through previous studies by Murphy et al. on tyrosine oxidation,25-28 it was proposed that the 
oxidation of guanine can occur through three competing pathways:  electron transfer 
followed by proton transfer (ET-PT), concerted electron-proton transfer (EPT), and proton 
transfer followed by electron transfer (PT-ET).  The latter two pathways occur following H-
bond association of guanine with a proton acceptor as shown in Scheme 2.1.  In previous 
work by our lab and others, concerted electron-proton transfer has been proposed as the 
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preferred mechanism, because this pathway avoids the formation of high-energy 
intermediates.12, 24, 29-34 
 
Scheme 2.1. Proposed Mechanism of Guanine Oxidation.  The guanine-phosphate structure 
is depicted below the mechanism.  Notice that the proton transfer occurs at the N1 proton of 
the guanine where the phosphate adduct is formed.25-28 
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[ GMP H-----OPO3H2- ]
 
 
 
In addition to studying the mechanism of guanine oxidation, the Thorp lab has studied 
the effects of ionic strength on guanine oxidation.  It was found that at high ionic strengths 
(50 mM sodium phosphate, 700 mM NaCl), the oxidation of DNA by a metal complex shows 
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a single kinetic process that is independent of DNA concentration, and the binding of the 
metal complex to DNA is not significant. At lower ionic strengths (50 mM sodium 
phosphate, 0 mM NaCl), the metal complex binds more efficiently to the DNA, requiring this 
binding to be accounted for using independently determined binding constants.2, 35-39  Our lab 
also studied the pH-dependence of the guanine oxidation reaction;1,40 however, due to work 
discussed here and by Murphy et al.,26, 27 we now hypothesize that this pH-dependence of 
guanine oxidation that was seen is actually a dependence on the concentration of the proton 
acceptor.   
In these recent experiments we propose that phosphate from the buffered medium 
serves as the proton acceptor (and thus affects the rate of guanine oxidation) for single-
stranded DNA (ssDNA), but phosphate does not affect the rate of guanine oxidation when 
cytosine is base-paired with guanine in double-stranded DNA (dsDNA).  These data may 
also further demonstrate the ability of cytosine to act as a proton acceptor in the oxidation of 
guanine by Ru(bpy)33+ and may further indicate the importance of the concerted electron-
proton transfer mechanism for guanine oxidation. 
2.1.1.2 DNA Structures 
The DNA sequences that were used in this study were chosen specifically for guanine 
oxidation studies in our lab and have been used in previous studies.11, 36, 38, 39, 41  The DNA 
sequence used for the ssDNA study was the 15-mer sequence of 5′-AAA-TAT-AGT-ATA-
AAA-3′ (Figure 2.1A).  This sequence is electroactive for electrochemical studies such as 
cyclic voltammetry due to the guanine it contains, and the sequence contains a single guanine 
for ease in data abstraction for digital simulation studies (and this also serves as a control as 
  40
this is the sole nucleotide in the sequence where oxidation will occur due to its low oxidation 
potential).  
 
Figure 2.1. (A) Sequence and structure of the ssDNA and (B) sequence and structure of the 
dsDNA used for our studies.  Structures were verified to contain no secondary structure by 
Mfold.42, 43  
 
For the dsDNA studies, the same 15-mer ssDNA sequence 5′-AAA-TAT-AGT-ATA-
AAA-3′ and its 15-mer complement 5′-TTT-TAT-ACT-ATA-TTT-3′ were used (Figure 
2.1B).   This dsDNA sequence is important because it can be directly compared to our 
ssDNA studies since it contains the same sequence and it does not form any secondary 
structure which allows the same potential of oxidation to occur throughout the sequence for 
photochemical experiments.  
2.1.1.3 Electrochemical Techniques 
Electrochemical results briefly discussed here (for comparison with photochemical 
techniques) were performed by Dr. Christine Murphy using cyclic voltammetry on a 
BAS100B/W series potentiostat with a three-electrode cell and electrocatalysis occurring at 
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indium tin oxide electrodes in phosphate buffered solutions with the metal complex, 
Ru(bpy)32+.  The results obtained by cyclic voltammetry were analyzed by digital simulation 
software, DigiSim purchased from Bioanalytical Systems.26, 27  These techniques are based 
upon previous studies in our lab that have shown that the oxidation of guanine by Ru(III) 
produces an enhancement in the oxidative current of the cyclic voltammogram of Ru(bpy)32+ 
in the presence of DNA according to:38  
 Ru(bpy)32+  → Ru(bpy)33+ + e- (1) 
 Ru(bpy)33+ + DNA → Ru(bpy)32+ + DNAox (2) 
where “DNAox” represents DNA in which an electron has been removed from guanine.  For a 
concerted electron-proton transfer mechanism illustrated in Scheme 2.1, the rate law 
illustrated in Equation 3 was derived and used for digital simulation calculations:25-28 
  (3a)   [Ru(III)]
[Ru(III)]k  ]PO[Hk
kk
kK
][HPOK1
][dGMP][HPOK
dt
d[Ru(III)]
2421
21
redA2
4A
T
2
4A 



++′


+=− −−−
−
 
(3b)   )][dGMP][Ru(k
dt
d[Ru(III)]
obs ΙΙΙ=−  
(3c)   ][HPO
[Ru(III)]k]PO[Hk
kkK
kKK
[dGMP]
k 2
4
2421
21A
redAA
obs −
−
−




++′=  
The rate law was tested with varying concentrations of reactants to achieve limiting forms, 
allowing us to simplify the rate law for our experiments to the following:26, 27 
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2.1.1.4 Photochemical Techniques 
The primary focus of the experiments discussed here involves a photochemical 
technique.  Photochemical techniques involve the oxidation of DNA by transition metal 
complexes such as Ru(bpy)33+ (bpy = 2,2´-bipyridine), which must be photochemically 
generated prior to reacting with DNA in situ.  The Ru(bpy)33+ complex mainly targets 
guanine nucleotides in the DNA strand due to their low oxidation potential via an outer-
sphere electron transfer and interacts with DNA in an electrostatic manner as an external 
binder4, 44, 45 with a binding constant of 0.8 x 103 M-1.   
To generate Ru(bpy)33+ for DNA oxidation, the flash-quench technique was used.  
This technique has been well studied by the Barton group and its methodology involves 
selectively oxidizing guanine bases in DNA using an exogenous electron donor, an 
exogenous electron acceptor (quencher), and visible light (Scheme 2.2).45, 46  Visible light 
excites Ru(bpy)32+ to *Ru(bpy)32+ (the electron donor that is interacting with DNA), which 
then transfers an electron to the oxidative quencher, Co(NH3)5Cl2+, creating the unstable 
Ru(bpy)33+ with a lifetime of 600 ns.47  In the presence of DNA, Ru(bpy)33+ oxidizes guanine 
producing base-labile lesions at the guanine site, and reduces Ru(bpy)33+ back to the stable 
Ru(bpy)32+ state.4, 10, 44-49  Guanine can only be oxidized by Ru(bpy)33+.  The base-labile 
lesions produced by this reaction are then analyzed by gel electrophoresis.48  Relative 
intensities of the oxidation can then be analyzed. 
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Scheme 2.2. (A) Flash-quench mechanism and chemical structures for (B) Ru(bpy)32+ and 
(C) Co(NH3)5Cl2+.45, 46 
 
 
Here, we report studies of guanine oxidation in ssDNA, and in dsDNA by the metal 
complex, Ru(bpy)33+.  The studies reveal that electrochemical and the photochemical 
techniques are directly comparable and that the flash-quench method can be used as an 
electrochemical tool.  We also show that electrochemical and photochemical techniques that 
produce the Ru(bpy)33+ oxidant for guanine oxidation reveal the importance of the proton 
acceptor in guanine oxidation in aqueous solution.   This result supports the importance of 
the proton acceptor for the electron-transfer mechanism and provides evidence that guanine 
oxidation is occurring via a concerted electron-proton transfer mechanism.   
 
2.2 Experimental 
2.2.1 Equipment and Materials 
2.2.1.1 General 
Trizma base and 5x forward reaction buffer were purchased from Invitrogen.  The T4 
polynucleotide kinase was purchased from New England Biolabs.  Linear acrylamide, 
*Ru2+ Ru3+
G
GoxG G
Q-Q
Ru2+
-H+
light
irrev.
Q = quencher, Co(NH3)5Cl2+
G= guanine
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phenol/chloroform, and GlycoBlue were obtained from Applied Biosystems.  Sodium 
chloride, dibasic sodium phosphate, monobasic sodium phosphate, sodium acetate, 
piperidine, tris(2,2′-bipyridyl)dichlororuthenium(II) hexahydrate chloride ([Ru(bpy)3]Cl2), 
pentaamminechlorocobalt(III) chloride ([Co(NH3)5Cl]Cl2), dimethyl sulfate, 2-
mercaptoethanol, ethylenediamine tetraacetic acid (EDTA), formamide, xylene cyanol, and 
bromophenol blue were all purchased from Sigma-Aldrich, A.C.S grade, and used as 
received.  Mini Quick Spin Oligo spin columns were purchased from Roche.  The 
deoxyadenosine 5′-[γ-32P]-triphosphate (0.01 mCi/µl) was obtained from Perkin Elmer.  
Polyspring glass inserts were purchased from National Scientific.  All aqueous solutions 
were prepared with aqueous Milli-Q Ultrapure (18 Ω) water from a Millipore purification 
system.  All other chemicals used were molecular biology grade.  All concentrations were 
determined using a Cary 300 Bio UV-Visible Spectrophotometer ([Ru(bpy)3]Cl2, λmax at 452 
nm and ε452 = 17,900 M-1cm-1).  Photolysis was done using a 68810 Arc Lamp supply with a 
350 W Hg lamp and 368 nm cutoff filter from Newport Oriel Instruments.  
2.2.1.2 DNA 
All DNA sequences used in this study were synthesized by the Lineburger 
Comprehensive Cancer Center Nucleic Acids Core Facility.  The DNA sequence used for the 
ssDNA study was the 15-mer sequence (used previously in our lab11, 39,41) of 5′-AAA-TAT-
AGT-ATA-AAA-3′.  For the dsDNA studies, the 15-mer ssDNA sequence 5′-AAA-TAT-
AGT-ATA-AAA-3′ and its 15-mer complement 5′-TTT-TAT-ACT-ATA-TTT-3′ were used.  
DNA was purified by phenol/chloroform extraction and ethanol precipitation and dissolved 
in 1x tris(hydroxymethyl)aminomethane (Tris) and EDTA buffer (TE buffer). 
Oligonucleotide concentrations were determined from absorbance measurements at 260 nm 
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using a UV-Vis spectrophotometer.  To form dsDNA, the two complementary strands were 
annealed by heating at 90°C for 5 min and allowed to slowly cool to room temperature. The 
non-electroactive complement strand was used in excess to ensure all of the electroactive 
(guanine containing and radiolabeled) strand was bound to its complement as seen in Figure 
2.2. 
2.2.2 Methods 
2.2.2.1 5′ DNA End-labeling 
The 15-mer ssDNA sequence used for both dsDNA and ssDNA studies was 
radiolabeled on the 5′-end using T4 polynucleotide kinase, forward reaction buffer, and 
deoxyadenosine 5′-[γ-32P]-triphosphate. The radiolabeled oligonucleotide was purified on a 
G-25 Mini Quick Spin Oligo spin column followed by ethanol precipitation. 
2.2.2.2 Flash-Quench Procedure 
All aqueous solutions were prepared using autoclaved MilliQ water.  Metals were 
prepared either in sodium phosphate buffer (pH 7.0) (data not shown) or in Tris-HCl buffer 
(pH 7.0).  For the ssDNA experiments, unlabeled DNA (0.5 µM) was added to the labeled 
strand (1.19 µM) and samples were prepared with varying amounts of sodium phosphate 
buffer (0, 0.25, 0.5, 0.75, 1, 2, 3, 4, 5, and 6 mM, pH 7.0).  For the dsDNA experiments, the 
labeled electroactive strand (1.19 µM) was annealed with its non-electroactive complement 
(2.38 µM) in varying amounts of sodium phosphate buffer (0, 0.25, 0.5, 0.75, 1, 2, 3, 4, 5, 
and 6 mM, pH 7.0) at 90oC for 5 min and slowly cooled to room temperature.  The 
photosensitizer Ru(bpy)32+ (200 µM) and the quencher Co(NH3)5Cl2+ (2000 µM) were added 
to the ssDNA or dsDNA solutions in glass polyspring insert tubes and kept in the dark to 
prevent photolysis before exposure to the lamp.  A 350 W Hg lamp with a 368 nm and water 
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filter were used for photolysis, with 12 min of light exposure.  The reaction was quenched 
with 95% ethanol, causing irreversible oxidative lesions, ethanol precipitated, and then 
treated with 0.7 M piperidine at 90°C for 30 min.  The samples were lyophilized to dryness, 
washed with MilliQ water, lyophilized, and resuspended in xylene cyanol/bromophenol blue 
in 80% formamide.  Oxidation was visualized on a 20% (7 M urea) denaturing 
polyacrylamide gel (PAGE), phosphorimaged on a Storm 860 imaging system and quantified 
using ImageQuant 5.2 software (GE Healthcare).  Controls also run with samples included 
radiolabeled DNA with phosphate buffer, radiolabeled and folded DNA with phosphate 
buffer, no photolysis light, photolysis with Ru(bpy)32+ only, photolysis with Co(NH3)5Cl2+ 
only, no piperidine, 15-mer ssDNA oxidation in the presence of 6 mM sodium phosphate (pH 
7.0) and 40 mM NaCl, and a Maxam-Gilbert sequencing lane, respectively.  The Maxam-
Gilbert guanine sequencing lane was prepared according to the standard Maxam-Gilbert 
sequencing protocol.50  
2.2.2.3 Isotope Effects 
To demonstrate kinetic isotope effects, the flash-quench reaction was performed with 
DNA, chemical reagents and buffers prepared in D2O (99.9 atom % purchased from Sigma-
Aldrich) by dissolving them in D2O and adjusting the pD (pH + 0.4).  Oligonucleotides were 
dissolved in D2O, lyophilized and re-dissolved in D2O.  These reactions were compared to 
similar reactions prepared using autoclaved MilliQ water and kinetic isotope effects were 
determined using Equation 4:40 
2
/XY/YX minmaxminmax +    (4) 
where Xmax is the mean H2O rate constant plus the standard deviation, Xmin is the mean H2O 
rate constant minus the standard deviation, Ymax is the mean D2O rate constant plus the 
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standard deviation, and Ymin is the mean D2O rate constant minus the standard deviation.  For 
comparison with electrochemical experiements, these values for the photochemical 
experiments were obtained from the intensities found from the quantitation of intensities 
from PAGE gels with Imagequant 5.2.  Values for the comparison between electrochemical 
and photochemical experiments were obtained for equivalent sodium phosphate 
concentrations. 
2.2.2.4 Hybridization and Native Gel Electrophoresis 
To confirm the two strands of our dsDNA study were hybridized we performed a 
hybridization study using native gel electrophoresis.  The dsDNA hybridization and ssDNA 
samples were prepared as described in the flash-quench procedure.  The dsDNA and ssDNA 
samples were resuspended in bromophenol blue/xylene cyanol/glycerol and then loaded on a 
20% native polyacrylamide gel and run at 4°C and 200 V for 7 h.  The native gel was 
visualized by phosphorimagery and the difference in mobility between the ssDNA and 
dsDNA confirms hybridization of the dsDNA used in our studies (Figure 2.2).  
 
Figure 2.2.  Native polyacrylamide gel showing the hybridization of dsDNA.  Lanes 1 and 3 
are the ssDNA, and Lanes 2 and 4 are dsDNA under our experimental conditions. 
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2.3 Results and Discussion 
2.3.1 Oxidation of ssDNA  
In earlier work by members of the Thorp lab by Weatherly, Sistare, Murphy, and 
others2, 3, 11, 12, 16, 25, 26, 28, 39, 40, 51 it was found that proton transfer occurs at the N1 proton of 
the guanine where the phosphate adduct is formed as seen in Scheme 2.1.  In an extension of 
this work, the phosphate dependency of guanine oxidation in ssDNA and dsDNA was studied 
via the flash-quench mechanism.  Previously it was found that when guanine oxidation of 
ssDNA (the 15-mer, 5´-AAA-TAT-AGT-ATA-AAA-3´) was studied electrochemically using 
cyclic voltammetry with Ru(bpy)33+, a phosphate-dependency was found.  This is depicted in 
Figure 2.3 where an increase in oxidative current occurs with increasing amounts of sodium 
phosphate.26, 27  Digital simulation calculations of this reaction using Equation 3 were also 
performed yielding the kinetic rate constant of KAKA′kred = 9.0 ± 0.2 x 105 M-2s-1 at room 
temperature.26, 27 
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Figure 2.3.  Cyclic voltammograms of 20 µM Ru(bpy)32+ in the presence of 100 µM ssDNA 
and increasing concentrations of phosphate buffer (10-50 mM) at pH 7.0.  An increase in 
sodium phosphate concentration causes an increase in oxidative current.  This figure was 
taken from references 26 and 27.26, 27 
 
 
In addition to verifying the results obtained for the phosphate dependency of ssDNA 
through cyclic voltammetry we also wanted to investigate if the flash-quench methodology 
can be used as an electrochemical tool.  In this study, solutions of Ru(bpy)32+ and ssDNA 
were irradiated in the presence of a quencher (Co(NH3)5Cl2+) to generate Ru(bpy)33+, which 
is capable of oxidizing guanine in oligonucleotides.  Subsequent treatment with piperidine 
caused strand cleavage13, 52 at these oxidized lesions, which were then visualized by high-
resolution denaturing polyacrylamide gel electrophoresis (PAGE) and quantified by 
phosphorimagery (Figure 2.4A and B).  Flash-quench experiments were carried out for 
ssDNA in solutions of increasing phosphate concentration (0-6 mM at pH 7.0). As expected, 
as the phosphate concentration increased, the extent of guanine oxidation increased.  These 
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results correlate with those obtained with cyclic voltammetry and show that the flash-quench 
methodology can be used as an electrochemical tool.  Additionally these data indicate the 
importance of proton acceptor concentration in the electrochemical mechanism of guanine 
oxidation. 
 
Figure 2.4. (A) A representative electrophoretic gel of ssDNA in increasing amounts of 
phosphate buffer. Lanes 1-8 are controls as specified in Experimental.  Lanes 9-18 are 
ssDNA that has been oxidized by photolysis in increasing concentrations of sodium 
phosphate (pH 7.0) of 0-6 mM as indicated by the legend.  Notice in Lanes 9-18 the increase 
in oxidation intensity at the guanine band (marked with an arrow) as the concentration of 
phosphate increases, indicating the guanine oxidation dependence on proton acceptor 
concentration. (B) Quantitation of the gel in (A). The intensity of the band representing 
guanine oxidation was normalized to the same non-guanine containing band in each lane and 
is given in arbitrary units. The proton acceptor dependence of the ssDNA is seen in this 
graph with the extent of guanine oxidation increasing as the phosphate concentration 
increases. 
 
2.3.2 Oxidation of dsDNA  
Given that guanine oxidation in ssDNA showed a phosphate dependency, we 
investigated the effect of phosphate on guanine oxidation in dsDNA.  For this study we 
annealed the same strand of DNA used in the ssDNA experiments with its 15-mer 
complement strand (present in excess); hybridization was verified by gel electrophoresis 
(Figure 2.2).  It was previously found using cyclic voltammetry that guanine oxidation in 
dsDNA showed no dependence on phosphate concentration over the phosphate concentration 
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range of 10-50 mM and digital simulation calculations using Equation 3 were used to obtain 
the kinetic rate constant of KAKA′kred = 2.5 ± 0.6 x 106 M-2s-1 at room temperature (Figure 
2.5).26, 27 
 
Figure 2.5. Cyclic voltammograms of 20 µM Ru(bpy)32+ in the presence of 100 µM dsDNA 
and increasing concentrations of phosphate buffer (10-50 mM) at pH 7.0.  An increase in 
sodium phosphate concentration does not cause an increase in oxidative current, but there 
may be an oscillating pattern occurring with increasing phosphate concentration.  This figure 
was taken from references 26 and 27.26, 27 
 
 
In order to mimic the conditions used in the electrochemical study only the guanine-
containing strand was radiolabeled for the flash-quench experiments.  The experiments were 
then carried out similarly to that of the cyclic voltammetry for ssDNA with phosphate 
concentrations increasing over the range of 0-6 mM at pH 7.0.  In accordance with the 
experiments carried out with cyclic voltammetry, we saw no phosphate dependence on 
guanine oxidation (Figure 2.6A and B).  This further verifies the use of the flash-quench 
method as a valid electrochemical technique.  We do, however, observe what appears to be 
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an oscillating pattern in the intensity of guanine oxidation as the phosphate concentration is 
increased.  We suggest that this is a result of the guanine being bound to cytosine.  Cytosine 
may be acting as a proton acceptor for the guanine during guanine oxidation.  This causes a 
saturation of sodium phosphate in solution resulting in the binding of the phosphate to the 
Ru(bpy)32+ complex and leading to a decrease in oxidation.  Another increase in oxidation 
occurs when there is no longer an excess of unbound sodium phosphate in solution due to the 
excess sodium phosphate binding to the Ru(bpy)32+/3+ complex. 
 
Figure 2.6. (A) Flash-quench reaction of dsDNA in increasing amounts of phosphate buffer. 
Lanes 1-8 are controls as specified in Experimental. Lanes 9-18 are dsDNA that has been 
oxidized with increasing concentrations of sodium phosphate (pH 7.0) of 0-6 mM as 
indicated by the legend.  Lanes 9-18 show an oscillating pattern with increasing phosphate 
concentration and not a steady increase in oxidation. (B) Chart of the quantitation of the gel 
in (A). The intensity of the band representing guanine oxidation was normalized to the same 
non-guanine containing band in each lane and is given in arbitrary units.  Again we see the 
oscillating pattern as in the dsDNA gel. 
 
 
The differences seen in the phosphate dependency for ssDNA and dsDNA may be 
due to guanine base-pairing with cytosine in dsDNA.  Phosphate from the buffered medium 
serves as the proton acceptor (and affects the rate of guanine oxidation) for ssDNA, but 
phosphate does not affect the rate of guanine oxidation when cytosine is base-paired with 
guanine in dsDNA.  This demonstrates the ability of cytosine to act as a proton acceptor for 
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the N1 proton in the oxidation of guanine by Ru(bpy)33+.  Furthermore, these data  in 
conjunction with the data of Weatherly, Sistare, Murphy et al. strongly suggests that guanine 
is oxidized through a concerted electron-proton transfer mechanism.2, 3, 11, 12, 16, 25, 26, 28, 39, 40, 51  
However, more studies are needed to definitively prove that concerted electron-proton 
transfer is the preferred oxidation mechanism.  
2.3.3 Isotope Effects  
To more clearly understand the kinetics involved in these ssDNA and dsDNA 
oxidation reactions, we studied their isotope effects.  A normal isotope effect occurs when a 
greater intensity of guanine oxidation occurs in the H2O reactions in comparison with the 
deuterated (D2O) samples.  The appearance of a normal isotope effect correlates with the 
occurrence of proton transfer in the reaction due to the ease for proton transfer to occur in 
contrast to the deuterated samples; the heavier mass of the deuterium and the lower zero-
point energy of the OD vibration makes it more difficult for proton transfer to occur.53-56  
Isotope effect studies were performed identical to previous studies except all reagents, 
buffers and DNA were prepared in D2O and compared to experiments where all components 
were prepared in MilliQ H2O. 
Normal isotope effects occurred in both the ssDNA electrochemical and 
photochemical studies (Figures 2.7 and 2.8).  In the electrochemical studies, cyclic 
voltammetry followed by digital simulation yielded a kinetic isotope effect of 1.4 ± 0.1 using 
Equation 4 (Figure 2.7).26, 27  In photochemical studies using the flash-quench technique 
under the D2O conditions, less oxidation of guanine was observed resulting in more un-cut 
DNA for both ssDNA and dsDNA (as indicated by the unreacted arrow in Figures 2.8A and 
2.9A); this finding was expected due to the difficulty of proton transfer (which is a necessary 
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mechanistic step for guanine oxidation) to occur under D2O conditions.  Once the population 
of oxidized guanine is normalized to the total population of oxidized and un-oxidized 
guanine, the isotope effect can visually be seen with the flash-quench method and yields an 
isotope effect of 1.46 ± 0.14 at a 2 mM phosphate concentration (pH = 7.0) using Equation 
4.  This value is within experimental error of that obtained by the electrochemical oxidation 
of the ssDNA under the same conditions.26, 27  
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Figure 2.7.  An example of a cyclic voltammogram of the isotope effect in ssDNA at a 
sodium phosphate (pH 7.0) concentration of 50 mM.  Notice the increase in oxidative current 
for the experiment run under H2O conditions in comparison to the smaller oxidative current 
for the experiment run under D2O conditions.  This figure was taken from references 26 and 
27.26, 27 
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Figure 2.8. (A) Electrophoretic gel depicting the kinetic isotope effect of ssDNA.  Lane 1, 
Maxim-Gilbert guanine sequencing lane; Lanes 2-10, samples in H2O with increasing 
concentrations of sodium phosphate (pH 7.0) of 0-5 mM, respectively; Lanes 11-10, samples 
in D2O with increasing concentrations of sodium phosphate (pH 7.0) of 0-5 mM, 
respectively.  Notice that the unreacted DNA band (indicated by the labeled arrow) seems to 
have more intensity of oxidation in D2O thus indicating less total oxidation, and when the 
full-length DNA is taken into account in (B), it is clear that more guanine oxidation is 
occurring with experiments under H2O conditions, although; it is not clear in gel.  (B) 
Quantitation of the isotope effect of ssDNA as observed by the flash-quench reaction with 
increasing concentrations of sodium phosphate (pH 7.0) of 0-5 mM as indicated by the 
legend.  Cleavage intensity is in arbitrary units and normalized to the total DNA population 
of each lane.  Guanine oxidation is increased at all concentrations of sodium phosphate for 
experiments run under H2O conditions.   
 
 
In the dsDNA photochemical studies we again see a normal isotope effect and thus 
proton transfer occurring (Figure 2.9A and B).  However, due to our previous results from 
Section 2.3.2 where we see an oscillation pattern for the guanine oxidation in dsDNA with 
increasing phosphate concentrations, we also observed a similar oscillating pattern occurring 
under D2O conditions in Figure 2.9.  Making it difficult to pinpoint a kinetic isotope effect 
value for the photochemical studies, but a kinetic isotope effect value of 1.5 ± 0.4 was 
observed via cyclic voltammetry and digital simulation using Equation 4.26,27  
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Figure 2.9. (A) PAGE gel of the isotope effect of dsDNA.  Lane 1, Maxim-Gilbert guanine 
sequencing lane; Lanes 2-10, samples in H2O with increasing concentrations of sodium 
phosphate (pH 7.0) of 0-5 mM, respectively; Lanes 11-10, samples in D2O with increasing 
concentrations of sodium phosphate (pH 7.0) of 0-5 mM, respectively.  Similar to the ssDNA 
isotope effect gel, the unreacted DNA band (indicated by the labeled arrow) must be taken 
into account in (B), and once this is corrected for guanine oxidation is greater for 
experiments run under H2O conditions.  (B) Quantitation of the isotope effect of dsDNA as 
observed by the flash-quench reaction with increasing concentrations of sodium phosphate 
(pH 7.0) of 0-5 mM as indicated by the legend.  Cleavage intensity is in arbitrary units and 
normalized to the total DNA population of each lane.  Guanine oxidation is increased at all 
concentrations of sodium phosphate for experiments run under H2O conditions. 
 
 These results validate the flash-quench method as an electrochemical technique due 
to the similarity in results for both the ssDNA and dsDNA isotope effects.  The oscillating 
pattern we see with dsDNA both in Figure 2.6 and under D2O conditions in Figure 2.9 
further demonstrate the ability of cytosine to act as a proton acceptor for the N1 of proton in 
guanine oxidation.  The kinetic isotope effect values for ssDNA and dsDNA which are in 
good agreement with previously published concerted electron-proton transfer mechanisms12, 
40, 51, 57, 58 provide further evidence that guanine in both forms of DNA is being oxidized 
through a concerted electron-proton transfer mechanism.       
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2.4 Conclusions 
In summary, we have shown through guanine oxidation in ssDNA, dsDNA, and in the 
isotope effect of ssDNA and dsDNA that the flash-quench methodology is a valid 
electrochemical technique yielding similar results as cyclic voltammetry.  We also explored 
the role of phosphate dependency and protons in these experiments.  We found that the rate 
of oxidation directly correlates with the concentration of the proton acceptor.  In ssDNA 
experiments, the proton acceptor for guanine was phosphate added to the reaction, and we 
saw an increase in guanine oxidation with an increase in phosphate concentration.  In 
dsDNA, the proton acceptor for guanine is cytosine bound to the guanine, causing no 
increase in guanine oxidation with increasing amounts of phosphate concentration.  These 
results suggest the importance of proton acceptor concentration in the guanine oxidation 
mechanism.  
The proton acceptor concentration dependency as well as kinetic isotope effect values 
obtained for ssDNA may also suggest that guanine oxidation is occurring through a 
concerted electron-proton transfer mechanism, however more studies need to be done. 
 
2.5 Future Directions 
In our experiments we saw the phosphate dependency of ssDNA and that proton 
acceptor concentration most likely affects the rate of guanine oxidation and is key to the 
electron-transfer mechanism of guanine oxidation.  Further photochemical and 
electrochemical studies via cyclic voltammetry, digital simulation, and the flash-quench 
mechanism need to be carried out on guanine bound to mismatches such as adenine, thymine 
and an abasic site.  We were unable to perform these studies due to restrictions of our DNA 
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strands being unable to hybridize together when these substitutions were in place, under low 
salt conditions.  In order to overcome this problem longer DNA strands need to be 
synthesized, and possibly contain more than one guanine, although strands with more than 
one guanine may make data abstraction for digital simulation difficult.  However, these 
studies would further validate the dependence of the proton acceptor concentration for the 
electron-transfer mechanism of guanine oxidation. 
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 Chapter 3 
The Role of Structure in Electron-Transfer Reactions of DNA 
 
3.1 Introduction 
3.1.1 DNA Oxidation and Nucleic Acid Reactivity 
 DNA oxidation can be caused by a variety of chemical and physical agents and has 
been implicated in aging, cancer, atherosclerosis, and neurological disorders.1-5  In DNA, 
oxidation methods occur by the 1′-oxidation of the sugar via hydrogen abstraction or by 
direct base oxidation through radical reactions or electron transfer.4, 6-8  In RNA, only direct 
base oxidation occurs because the sugars are less reactive towards oxidation due to the extra 
hydroxyl group of the ribose.9  Similar base oxidation pathways are found in both DNA and 
RNA, and here we study the oxidation of DNA by ruthenium complexes and how it 
compares to RNA oxidation by the ruthenium complexes discussed in Chapters 4 and 5.   
3.1.1.1 Nucleotide Base Oxidation  
In DNA, the natural nucleobases have an order of reactivity towards oxidation of 
guanine > adenine > cytosine ≈ thymine, corresponding with the oxidation potentials of the 
bases where guanine = 1.05 V, adenine = 1.2 V, thymine = cytosine = 1.44 V vs. SCE.10  Due 
to guanine’s low oxidation potential, most base damage occurs at this nucleotide, and its 
oxidation has a sequence specificity (in order of reactivity with the principle cleavage site 
underlined) of  5′-GGGG-3′ > 5′-GGG-3′ > 5′-GG-3′ >  5′-GA-3′ > 5′-GT-3′ ≈ 5′-GC-3′.4 
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3.1.2 The IRE and MIRE DNA 
In this study, we are using the DNA template of the human ferritin iron responsive 
element (IRE DNA) and the template of a mutated form of the human ferritin iron responsive 
element (MIRE DNA).  Ferritin, the iron storage protein, and transferrin, the iron transport 
protein, are essential for cellular regulation of iron.  When the iron concentration inside of a 
cell is low, transferrin receptors are synthesized and are then transported to the cell surface to 
bind iron found outside of the cell and bring the extracellular iron inwards, while ferritin 
synthesis is down-regulated.  Once the iron-bound transferrin receptor is internalized into the 
cell, the transferrin receptor releases the iron and recycles back to the cell surface to bring in 
more extracellular iron until the cell is no longer iron deficient.  In cases of high cellular iron, 
the transferrin receptor synthesis is down-regulated and ferritin synthesis is increased.  
Ferritin binds and stores the extra iron until the cellular concentration of iron is low again, at 
which time the ferritin then releases its stored iron.11  Ferritin and transferrin synthesis is 
rigorously regulated by the cell through modulation of transcription, mRNA stability, and 
translation and post-translation modifications.  Currently, the best characterized regulatory 
mechanism is post-transcriptional regulation.12  
In post-transcriptional regulation, transferrin and ferritin synthesis are regulated by 
trans-acting iron regulatory proteins (IRPs) and iron responsive elements (IREs) which are 
conserved secondary structures found in the untranslated regions (UTRs) of the mRNA of 
iron-transport proteins.  They are IRP binding sites.13-15  There are two IRPs: IRP1, which is 
involved in basal iron homeostasis, and a similar activity and structure to that of the 
mitochondrial aconitase,16 and IRP2, which is the predominant post-transcriptional regulator 
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of ferritin and transferrin.  However, both IRPs are involved in gene regulation in response to 
the cellular iron concentrations.17 
The IREs are highly conserved hairpin loop RNA structures containing a hexaloop 
with the sequence 5′-C14A15G16U17G18N-3′ where N can be A, C, or U (Figure 1.10).18  The 
hexaloop contains a C14-G18 base pair across the loop which helps stabilize the loop structure, 
whereas G16 is flipped out and solvent exposed as found by NMR,19-22 crystallography23 and 
chemical cleavage studies.8, 24, 25  The IRP proteins have a high binding affinity for the 
hairpin loop, allowing for nucleotides 15-17 to be accessible for protein binding.26  The 
ferritin IRE RNA has internal bulges in the stem region made where U6 and C8 remain 
unpaired and the transferrin IRE has only one unpaired base that is bulged in the stem at C8.  
Transferrin synthesis is regulated at the level of transcription.  The transferrin mRNA 
contains five copies of the IRE on the 3′ UTR.  When the cell has a low iron concentration, 
IRPs bind to the IREs in the 3′ UTR, protecting the transferrin mRNA transcript from 
endonucleolytic cleavage and degradation and allowing the transferrin receptor to be 
synthesized, which then cycles to the cell membrane to transport iron into the cell.15  When 
the cell has a high iron concentration, IRPs are unable to bind to the IREs due to proteosomal 
cleavage of IRP2 or the iron-sulfur cluster formation in IRP1, thus allowing cleavage and 
degradation of the transcript; resulting in no transferrin receptor synthesis.27-29 
Ferritin synthesis is regulated at the level of the ferritin mRNA which contains one 
copy of the IRE in the 5′ UTR.  In cases of low cellular iron concentration the IRP binds to 
the IRE which prevents the translational factors and the 40S ribosomal subunit from binding 
to the mRNA thereby inhibiting the translation of the ferritin mRNA transcript and 
subsequent synthesis of ferritin.  This leads to less iron storage.  When the concentration of 
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iron in the cell is high, the IRP is unable to bind to the IRE and translation of the ferritin 
mRNA transcript can occur and ferritin is synthesized, promoting iron storage.30, 31 
We wanted to compare the results obtained with RNA oxidation (Chapters 4 and 5) 
with that of its corresponding DNA template.  The DNA template for the RNA is a reverse 
complement of the RNA sequence and does not have to fold into the same conformation as 
its RNA complement.  The IRE and MIRE DNA form hairpin loops as seen in Figure 3.1.  
The 50-mer IRE DNA sequence consists of 5′-AAA-GCC-GGG-TTC-CGT-CCA-AGC-
ACT-GTT-GAA-GCA-GGA-AAC-CCC-GAC-TTT-CC-3′.  The DNA nucleotides, G31 and 
A33 (in bold) were deleted from the 50-mer IRE DNA sequence to create the 48-mer MIRE 
DNA consisting of 5′-AAA-GCC-GGG-TTC-CGT-CCA-AGC-ACT-GTT-GAA-CGG-
AAA-CCC-CGA-CTT-TCC-3′.  Deletion of G31 and A33 in IRE DNA to create MIRE DNA 
resulted in a single energetically favorable conformation as calculated by the Mfold 
program.32, 33  The presence of the multiple energetically favorable conformations for IRE 
DNA may indicate the lability of the oligonucleotide, particularly at regions where loops and 
bulges are calculated to be present.  The increased flexibility of the IRE DNA may hinder our 
ability to study the nucleotide with the ruthenium compounds since the oxidation potential of 
the nucleotides will be reduced because of their greater solvent accessibility causing greater 
oxidation to occur throughout the nucleotides strand.  Thus, the specificity between the 
nucleotides will be lost.  However, the increased flexibility of IRE DNA will be compared to 
the less flexible MIRE DNA that has only one conformation.         
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Figure 3.1.  Structures of DNA as predicted by Mfold: (A) mutated human ferritin iron 
responsive element (MIRE) DNA, ∆G° = -9.50 kcal/mol, and (B) human ferritin iron 
responsive element (IRE) DNA, from left to right ∆G° = -5.08, -4.17, -4.69, and -4.87 
kcal/mol.32, 33  
 
3.1.3 The Ruthenium Complexes 
3.1.3.1 The Ru(bpy)32+ Complex 
The specificity of the oxidation of DNA by Ru(bpy)32+ (bpy = 2,2′-bipyridine) has 
been studied.34, 35  The Ru(bpy)32+ complex oxidizes solvent accessible nucleotides of DNA 
via an outer-sphere electron transfer.36, 37  It is known that Ru(bpy)32+ is an electrostatic 
binder with a binding constant of 0.8 x 103 M-1.35, 38, 39  DNA oxidation by Ru(bpy)32+ can 
only occur when Ru(bpy)32+ is in the Ru(bpy)33+ form.  This excited state can be generated 
photochemically in the presence of a quencher using the flash-quench.38-41  Scheme 3.1 
shows a simplified version of the flash-quench mechanism where guanine bases in DNA are 
selectively oxidized using an exogenous electron donor, an exogenous electron acceptor 
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(quencher), and visible light.38, 40  Visible light excites Ru(bpy)32+ to *Ru(bpy)32+ (the 
electron donor that is interacting with DNA), which then transfers an electron to the 
oxidative quencher creating the unstable Ru(bpy)33+ with a very short lifetime of 
approximately 600 ns.42  In the presence of DNA, Ru(bpy)33+ oxidizes guanine where by 
Ru(bpy)33+ is reduced back to the stable Ru(bpy)32+ state.7, 35, 38-43  Irreversible reactions of 
the guanine radical with oxygen or water yield oxidative lesions.41 
   
Scheme 3.1.  (A) Flash-quench mechanism and chemical structures for (B) Ru(bpy)32+ and 
(C) Co(NH3)5Cl2+.38, 40 
 
   
3.1.3.2 The Ru(tpy)(bpy)O2+ Complex 
The Ru(tpy)(bpy)O2+ (tpy = 2,2′,2′′-terpyridine; bpy = 2,2′-bipyridine) complex binds 
to the surface of the minor groove in DNA44 with a binding constant of 660 M-1 45, 46 and 
targets solvent-accessible sites prone to cation binding via an inner-sphere reaction with 
guanine (Figure 3.2).9, 43, 47-49  The complex directly oxidizes nucleotides in the 
Ru(tpy)(bpy)O2+ state, which is a pseudo-stable state with a lifetime > 1h.45, 50, 51  This 
mechanism can occur in the absence of light or a quencher as shown in Scheme 3.2. 
*Ru2+ Ru3+
G
GoxG G
Q-Q
Ru2+
-H+
light
irrev.
Q = quencher, Co(NH3)5Cl2+
G= guanine
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Figure 3.2.  A model of minor groove binding in DNA.  Taken from references 52 and 53, 
PDB accession number 432d.52, 53   
 
 
Scheme 3.2.  (A) The Ru(tpy)(bpy)O2+ oxidation mechanism54 and (B) the chemical 
structure of Ru(tpy)(bpy)O2+. 
 
 
3.1.3.3 The Ru(bpz)32+ Complex 
 The Ru(bpz)32+ (bpz = 2,2′-bipyrazyl) complex (Figure 3.3) is a strong oxidant, but a 
poor reductant.55  This ruthenium complex binds electrostatically to DNA with a binding 
constant of approximately 104 M-1.56-60  Direct DNA oxidation occurs when Ru(bpz)32+ 
reaches an excited state in the presence of light (Scheme 3.3).56-59, 61, 62  The excited state 
lifetime lasts a few hundred microseconds, nearly five times longer than Ru(bpy)33+.62 
B A 
RuIV(tpy)(bpy)O2+
RuII(tpy)(bpy)OH22+ G
GoxG G
-H+ irrev.
G = guanine
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Figure 3.3.  The chemical structure of Ru(bpz)32+. 
 
The Vicendo lab has reported that Ru(bpz)32+ oxidation of DNA specifically targets 
guanines in the 5′ position of DNA.  The order of reactivity is as follows: 5′-GGGG-3′ > 5′-
GGG-3′ > 5′-GG-3′ >  5′-GA-3′ > 5′-GT-3′ ≈ 5′-GC-3′.4, 56-59  The reactivity at 5′-guanines 
may also depend on its adjacent 3′-nucleotide’s.  The Ru(bpz)32+ oxidation also targets 
single-stranded DNA.56-59  In our studies the conformations of DNA contain single-stranded 
loops and bulges and thus are both labile and solvent accessible. 
   
Scheme 3.3.  The Ru(bpz)32+ oxidation mechanism.55, 56, 59, 61, 62 
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3.1.3.4 The Ru(bpy)2(dppz)2+Complex 
The Ru(bpy)2(dppz)2+ (bpy = 2,2′-bipyradine, dppz = dipyrido [3,2-a:2′,3′-c] 
phenazine) complex (Figure 3.4) is a well-known DNA intercalator that was developed by 
the Barton lab as a nonradioactive probe for DNA.63-66  Once the dipyrido-phenazine (dppz) 
ligand of this ruthenium complex intercalates into the double-helical structure of DNA 
(binding constant is greater than 106 M-1)67 a strong photoluminescence occurs.64 
 
 
Figure 3.4.  The chemical structure of Ru(bpy)2(dppz)2+. 
 
From their studies the Barton lab also found that intercalation could occur in multiple 
ways.  One way is defined as the side-on mode where the dppz intercalates so that the metal-
phenazine axis lies more closely to the long axis of the DNA (Figure 3.5A), and the second 
way is defined as perpendicular, where the dppz ligand intercalates into the major groove so 
that the metal-phenazine axis lies along the dyad axis of the DNA (Figure 3.5B).  Upon 
intercalation of the dppz ligand, the Ru(bpy)2(dppz)2+ complex has an excited state lifetime 
of 259 ns.63, 64  When the Ru(bpy)2(dppz)2+ does not intercalate into the DNA, the complex 
can still bind electrostatically and the excited state lifetime of Ru(bpy)2(dppz)2+ is lowered to 
75 ns.64, 65 
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Figure 3.5.  The two binding modes of the intercalation of Ru(bpy)2(dppz)2+ with DNA:  (A)  
the side-on model and (B) the perpendicular model.  The bold lines represent the dppz ligand 
of Ru(bpy)2(dppz)2+ and the models are shown along the DNA axis with the major groove to 
the left.  Taken from reference 65.65 
 
     The oxidation of DNA with this ruthenium species is more complex.  The 
oxidation mechanism of Ru(bpy)2(dppz)2+ complex is difficult to elucidate because of the 
different modes of binding and the presence of two ligands both having the ability to oxidize 
DNA in the presence of a quencher.  We hypothesize that when the dppz ligand is not 
intercalated into the DNA and the oxidation of DNA can occur through the flash-quench 
mechanism in the presence of a quencher (Scheme 3.1),38, 40 due to the availability of the bpy 
ligand; however, this mechanism does not take into account that the non-intercalated dppz 
ligand may also be able to oxidize DNA via the flash-quench method in the presence of a 
quencher.  Additionally it is possible that the non-intercalated dppz may oxidize the DNA 
directly.  When the dppz ligand is intercalated into the DNA, the DNA can be oxidized 
directly in the presence of light without the presence of a quencher, much like the Ru(bpz)32+ 
oxidation mechanism (Scheme 3.3).56, 59, 61, 62     
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3.2 Experimental 
3.2.1 Equipment and Materials 
 3.2.1.1 General 
Trizma base and 5x forward reaction buffer were purchased from Invitrogen.  The T4 
polynucleotide kinase was purchased from New England Biolabs.  Linear acrylamide, 
phenol/chloroform, and GlycoBlue were obtained from Applied Biosystems.  Sodium 
chloride, dibasic sodium phosphate, monobasic sodium phosphate, sodium acetate, 
piperidine, tris(2,2′-bipyridyl)dichlororuthenium(II) hexahydrate chloride ([Ru(bpy)3]Cl2), 
pentaamminechlorocobalt(III) chloride ([Co(NH3)5Cl]Cl2), dimethyl sulfate, 2-
mercaptoethanol, ethylenediamine tetraacetic acid (EDTA), formamide, xylene cyanol, and 
bromophenol blue were all purchased from Sigma-Aldrich, A.C.S grade, and used as 
received.  Mini Quick Spin Oligo spin columns were purchased from Roche.  The 
deoxyadenosine 5′-[γ-32P]-triphosphate (0.01 mCi/µl) was obtained from Perkin Elmer.  
Polyspring glass inserts were purchased from National Scientific.  All aqueous solutions 
were prepared with aqueous Milli-Q Ultrapure (18 Ω) water from Millipore purification 
system.  All other chemicals used were molecular biology grade.  All concentrations were 
determined from a Cary 300 Bio UV-Visible Spectrophotometer using the following molar 
absorptivities (ε): [Ru(bpy)3]Cl2, λmax at 452 nm and ε452 = 17,900 M-1cm-1; Ru(tpy)(bpy)O2+, 
λmax at 476 nm and ε = 9600 M-1cm-1; [Ru(bpz)3]Cl2, λmax at 443 nm and ε = 15000 M-1cm-1; 
and [Ru(bpy)2(dppz)](PF6)2, λmax at 445 nm and ε = 16300 M-1cm-1.  Photolysis was done on 
a 68810 Arc Lamp supply with a 350 W Hg lamp and 368 or 138 nm cutoff filter from 
Newport Oriel Instruments. 
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3.2.1.2 DNA 
All DNA sequences used in this study were synthesized by the Lineburger 
Comprehensive Cancer Center Nucleic Acids Core Facility.  The 50-mer IRE DNA sequence 
consists of 5′-AAA-GCC-GGG-TTC-CGT-CCA-AGC-ACT-GTT-GAA-GCA-GGA-AAC-
CCC-GAC-TTT-CC-3′ and has the possibility of folding into four different conformations as 
depicted in Figure 3.1 as predicted by Mfold.32, 33  The DNA nucleotides, G31 and A33 were 
deleted from the 50-mer IRE DNA sequence to create the 48-mer MIRE DNA consisting of 
5′-AAA-GCC-GGG-TTC-CGT-CCA-AGC-ACT-GTT-GAA-CGG-AAA-CCC-CGA-CTT-
TCC-3′.  Deletion of G31 and A33 resulted in a single conformation as predicted by Mfold 
(Figure 3.1).32, 33  DNA was purified by phenol/chloroform extraction and ethanol 
precipitation and dissolved in 1x tris(hydroxymethyl)aminomethane (Tris) and EDTA buffer 
(TE buffer). Oligonucleotide concentrations were determined from absorbance measurements 
at 260 nm using a UV-Vis spectrophotometer.   
3.2.2 Methods 
3.2.2.1 5′ DNA End-labeling 
The IRE and MIRE DNA were radiolabeled on the 5′-end using T4 polynucleotide 
kinase, forward reaction buffer, and deoxyadenosine 5′-[γ-32P]-triphosphate.  The 
radiolabeled oligonucleotides were purified on a G-25 Mini Quick Spin Oligo spin column 
followed by ethanol precipitation. 
3.2.2.2 Ru(bpy)32+ Procedure 
All aqueous solutions were prepared using autoclaved MilliQ water.  Metals were 
prepared in Tris-HCl buffer (pH 7.0).  The IRE and MIRE DNA were folded by heating 
unlabeled DNA (0.20 µM) and the γ-32P-5′-end-labeled DNA (1.14 µM) at 90°C for 5 min 
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and slowly cooled to room temperature.  The photosensitizer Ru(bpy)32+ (75 µM) and the 
quencher Co(NH3)5Cl2+ (750 µM) were added to the folded DNA in glass polyspring insert 
tubes and kept in the dark prior to photolysis.  A 350 W Hg lamp with a 368 nm and water 
filter were used for photolysis, with light exposure times ranging from 2.5 to 10 min.  The 
reaction was quenched with 60 µl of 95% ethanol causing irreversible oxidative lesions and 
ethanol precipitated with 6 µl 3 M sodium acetate pH 5.2, 1 µl linear acrylamide, and 1 µl 
glycoblue.  The samples were treated with 0.7 M piperidine at 90°C for 30 min, frozen, 
lyophilized to dryness, washed with MilliQ water, lyophilized, and resuspended in xylene 
cyanol/bromophenol blue in 80% formamide.  The oxidation was visualized on a 20% (7 M 
urea) denaturing polyacrylamide gel, phosphorimaged on a Storm 860 imaging system and 
quantified using ImageQuant 5.2 software (GE Healthcare) after overnight exposure on a 
phosphorimaging screen.  Controls also run with samples included radiolabeled DNA with 
buffer, folded DNA with buffer, no light, photolysis with Ru(bpy)32+ only, photolysis with 
Co(NH3)5Cl2+ only, no piperidine, and a Maxam-Gilbert guanine sequencing lane prepared 
according to the standard Maxam-Gilbert sequencing protocol.68   
3.2.2.3 Ru(tpy)(bpy)O2+ Procedure 
The Ru(tpy)(bpy)OH22+ was synthesized according to published procedures.50, 51, 69  
The Ru(tpy)(bpy)O2+ oxidant was made through bulk electrolysis by holding the aqueous 
solution of Ru(tpy)(bpy)OH22+ at 0.85 V vs. Ag/AgCl for 10 min in 10 mM sodium 
phosphate (pH 7) with rapid stirring.50, 51  Upon generation of Ru(tpy)(bpy)O2+, a color 
change from brown to yellow occurred along with a leveling off of the current.  The 
concentration of Ru(tpy)(bpy)O2+ was determined by the absorbance of Ru(tpy)(bpy)OH22+ 
generated by the reduction of Ru(tpy)(bpy)O2+ with an excess of L-ascorbic acid at 476 nm 
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(ε = 9600 M-1cm-1).  The IRE and MIRE DNA were folded by heating unlabeled DNA (0.20 
µM) and the γ-32P-5′-end-labeled DNA (1.14 µM) at 90°C for 5 min and slowly cooled to 
room temperature.  The Ru(tpy)(bpy)O2+ (260 µM) was added and reacted at timed intervals 
between 7.5 to 30 min at room temperature to folded IRE or MIRE DNA.  The reaction was 
quenched with 95% ethanol, ethanol precipitated with sodium acetate, linear acrylamide, and 
glycoblue and then treated with 0.7 M piperidine.  Samples were frozen, lyophilized to 
remove piperidine and washed with water and lyophilized.  Samples were resuspended in 
xylene cyanol/bromophenol blue in 80% formamide and oxidation was visualized on 20% (7 
M urea) denaturing polyacrylamide gels, exposed to a phosphorimaging screen overnight, 
analyzed with a Storm 860 phosphorimager, and quantified using ImageQuant 5.2.  Gels 
were run with controls consisting of radiolabeled DNA with buffer, folded DNA with buffer, 
no piperidine, and a Maxam-Gilbert guanine sequencing lane.  The Maxam-Gilbert guanine 
sequencing lane was prepared according to the standard Maxam-Gilbert sequencing 
protocol.68 
3.2.2.4 Ru(bpz)32+ Procedure 
Ruthenium (II) tris(bipyrazyl) ([Ru(bpz)3]Cl2) was synthesized according to 
published procedures and characterized by nuclear magnetic resonance (NMR) 
spectrometery.50, 51, 69-71  The concentration of Ru(bpz)32+ was determined by the absorbance 
at 443 nm (ε = 15000 M-1cm-1).  Metals were dissolved Tris-HCl buffer (pH 7).  The IRE and 
MIRE DNA were folded by heating unlabeled DNA (0.20 µM) and the γ-32P-5′-end-labeled 
DNA (1.14 µM) at 90°C for 5 min and slowly cooled to room temperature. The folded DNA 
was placed into glass polyspring insert tubes.  The Ru(bpz)32+ (300 µM) was added to the 
DNA and kept in the dark before photolysis.  Photolysis occurred in the presence of a 350 W 
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Hg lamp with a 138 nm cutoff filter and water filter for various exposure lengths between 10 
to 30 min.  The reaction was quenched with 95% ethanol and ethanol precipitated with 
sodium acetate, linear acrylamide, and glycoblue.  The samples were treated with piperidine, 
frozen, lyophilized, washed with water and lyophilized, and resuspended in xylene 
cyanol/bromophenol blue in 80% formamide.  The resulting oxidation was visualized on a 
20% (7 M urea) denaturing polyacrylamide gel and analyzed and quantified using a Storm 
860 phosphorimager and ImageQuant 5.2 software, respectively, after overnight exposure on 
a phosphorimaging screen.   Along with the samples, experimental controls ran on the gels 
included radiolabeled DNA with buffer, folded DNA with buffer, no light, photolysis with 
Ru(bpz)32+ and Co(NH3)5Cl2+, photolysis with Co(NH3)5Cl2+ only, no piperidine, and a 
Maxam-Gilbert guanine sequencing lane prepared according to published procedures.68    
3.2.2.5 Ru(bpy)2(dppz)2+  Procedure 
The bis (2,2′-bipyridyl) (dipyrido [3,2-a:2′,3′-c] phenazine) ruthenium(II) 
(hexafluorophosphate), [Ru(bpy)2(dppz)](PF6)2, was synthesized according to published 
procedures by Dr. Dominic O. Hull of the University of North Carolina at Chapel Hill.72, 73  
The concentration of Ru(bpy)2(dppz)2+ was determined by the absorbance at 445 nm (ε = 
16300 M-1cm-1).  Both metal complexes were dissolved Tris-HCl buffer (pH 7). The IRE and 
MIRE DNA were folded by heating unlabeled DNA (0.20 µM) and the γ-32P-5′-end-labeled 
DNA (1.14 µM) at 90°C for 5 min, slowly cooled to room temperature, and put into glass 
polyspring insert tubes.  The Ru(bpy)2(dppz)2+ (800-1400 µM) and Co(NH3)5Cl2+ (4000 µM) 
or just Ru(bpy)2(dppz)2+ (800-1400 µM) alone were added to the folded DNA and kept in the 
dark prior to photolysis.  Photolysis occurred in the presence of a 350 W Hg lamp with a 368 
or 138 nm cutoff filter and water filter for either 15 or 30 min, quenched with ethanol, 
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ethanol precipitated with sodium acetate, linear acrylamide, and glycoblue and then treated 
with piperidine.  The samples were frozen, lyophilized, washed with water, lyophilized, 
resuspended in xylene cyanol/bromophenol blue in 80% formamide, and run on 20% (7 M 
urea) denaturing polyacrylamide gels.  The gels were exposed to a phosphorimaging screen 
overnight, analyzed with a Storm 860 phosphorimager, and quantified using ImageQuant 5.2.  
Experimental controls that were included on gels were radiolabeled DNA with buffer, folded 
DNA with buffer, no light, no piperidine, and a Maxam-Gilbert guanine sequencing lane 
prepared according to published procedures.68    
 
3.3 Results and Discussion 
3.3.1 The IRE DNA Studies  
IRE DNA is predicted by Mfold to fold into four energetically favorable 
conformations (Figures 3.1B and 3.6).32, 33  The presence of multiple energetically favorable 
conformations indicates the flexibility of the oligonucleotide, particularly at regions where 
loops and bulges are calculated to be present.  The increased flexibility of the DNA may 
hinder our ability to study the nucleotide with the ruthenium compounds due to the greater 
solvent accessibility of all the nucleotides in the nucleotide strand causing greater oxidation 
throughout the strand and less distinction between the nucleotides.  However, the increased 
flexibility does provide us a comparison with the MIRE DNA which was found to have only 
one energetically favorable conformation by Mfold.32, 33   
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Figure 3.6.  Structures of IRE DNA as predicted by Mfold with a calculated energy (∆G°) of 
∆G° = -5.08, -4.17, -4.69, and -4.87 kcal/mol, from left to right.32, 33  
 
 
3.3.1.1 Ru(bpy)32+ Oxidation of IRE DNA 
Oxidation of IRE DNA by Ru(bpy)32+ and Co(NH3)5Cl2+ via the flash-quench method 
is shown in Figure 3.7A and B.  Due to the high flexibility of the oligonucleotide the flash-
quench method leads to the oxidation of the entire nucleotide strand leaving little uncut 
DNA.  The nucleotide G7 also has higher oxidation because it is a 5′-guanine of the 5′-GGG-
3′ series.  The 5′-guanine has lower oxidation potential and, therefore, is easier to oxidize.  
We still observe that nucleotides G14, G20, G25, G28, and G31 (found in loop or bulges) have 
greater flexibility and greater oxidation than nucleotides G34, G35, and G43 (found in the stem 
regions) in all IRE DNA conformations.  The nucleotide G14 has the highest oxidation 
because it is always found in a loop in all of the conformations, and therefore, is more 
solvent accessible.  This pattern of oxidation that we see is most likely due to the short 
  82
lifetime of the Ru(bpy)32+ excited state where only highly labile, solvent accessible regions of 
DNA are oxidized. 
 
Figure 3.7.  (A) The Ru(bpy)32+ oxidation of IRE DNA as depicted on an electrophoretic gel.  
Lanes 1-7 are controls: Lane 1 = labeled DNA, Lane 2 = folded DNA, Lane 3 = Maxam-
Gilbert guanine sequencing lane, Lane 4 = folded DNA only treated with Ru(bpy)32+, Lane 5 
= folded DNA only treated with Co(NH3)5Cl2+, Lane 6 = no photolysis, and Lane 7 = no 
piperidine treatment.  For Lanes 8-10, [Ru(bpy)32+] = 75 µM, [Co(NH3)5Cl2+] = 750 µΜ.  
Time of photolysis was 2.5 min.  The arrow indicates uncut DNA that was not oxidized.  (B) 
Quantitation of (A), cleavage intensities are in arbitrary units normalized to the cleavage 
occurring at G8.  Error bars represent the standard deviation.  The reaction was run in 
triplicate.   
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3.3.1.2 Ru(tpy)(bpy)O2+Oxidation of IRE DNA 
The Ru(tpy)(bpy)O2+ oxidation of IRE DNA is shown in Figure 3.8A and B.  The 
nucleotides G14, G20, G25, G28, and G31 have greater intensity of oxidation due to their 
location in areas of higher flexibility.  The G34 nucleotide has greater oxidation than the rest 
of the stem region since it is a 5′-guanine of a 5′-GG-3′ series.  The G7 nucleotide has higher 
oxidation because it is a 5′-guanine of a 5′-GGG-3′ series.  Nucleotides G35 and G43 have 
greater oxidation than G9 because they are 5′-guanines of a 5′-GA-3′ series which lowers the 
oxidation potential of the 5′-guanines making the guanines easier to oxidize, but less so than 
multiple guanines in a series.4, 56-59  Even though some of the higher oxidation in the stem 
region may be due to 5′ specificity, with Ru(tpy)(bpy)O2+, we see less specific targeting of 
nucleotides found within the labile region (at nucleotides G14, G20, and G25) and see more 
comprehensive oxidation of the whole oligonucleotide as evidenced by the oxidation seen in 
the stem region at G43, G35, and G9.   
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Figure 3.8.  The Ru(tpy)(bpy)O2+ reaction of IRE DNA: (A) the Ru(tpy)(bpy)O2+ reaction 
where [Ru(tpy)(bpy)O2+] = 260 µM in Lanes 1-3, time of reaction was 7.5 min, and (B) 
quantitation of (A), cleavage intensities are in arbitrary units normalized to the cleavage 
occurring at G8.  Error bars represent the standard deviation.  The reaction was run in 
triplicate.   
 
3.3.1.3 Ru(bpz)32+ Oxidation of IRE DNA 
The study of the specificity of Ru(bpz)32+ oxidation of DNA has already been 
examined by the Vicendo lab.56-59  They found that Ru(bpz)32+ has a specificity for 5′-
guanines found in a series of guanines or in a 5′-GA-3′ series and for single-stranded DNA.  
In Figure 3.9A and B, we observe that 5′-guanines (G7 and G34) have a larger increase in 
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oxidation in comparison to the guanines in the stem regions (G35 and G43).  Again, we see 
increased oxidation in flexible regions of the DNA at G14, G20, G25, G28, and G31.  The 
decrease in oxidation at G20 in comparison with G25 and G14 may indicate that G20 is base-
paired in the conformation of IRE DNA.  The highest oxidation is seen in G14 since it is in 
loop structures in all conformations of IRE DNA.  With Ru(bpz)32+, like Ru(tpy)(bpy)O2+, 
we see less specific targeting of the flexible region and see more comprehensive oxidation of 
the whole oligonucleotide as evidenced by the oxidation seen in the stem region at G43 and 
G35.   
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Figure 3.9.  (A) The IRE DNA oxidized with Ru(bpz)32+.  The [Ru(bpz)32+] = 300 µM for 
Lanes 1-3, and photolysis occurred over 10 min.  (B) Quantitation of Ru(bpz)32+ cleavage of 
(A).  Cleavage intensities are in arbitrary units normalized to the cleavage occurring at G8.  
Error bars represent the standard deviation.  The reaction was run in triplicate. 
 
 
3.3.1.4 Ru(bpy)2(dppz)2+ Oxidation of IRE DNA 
The Ru(bpy)2(dppz)2+ complex is the more complicated of the ruthenium complexes 
that we studied because of its multiple binding modes to DNA.  In DNA, the dppz ligand 
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binds to DNA by intercalation and this can occur in two different ways (Figure 3.5).64, 65  If 
the dppz ligand does not intercalate into the DNA, Ru(bpy)2(dppz)2+ can also bind 
electrostatically to DNA.64, 65  The Ru(bpy)2(dppz)2+ complex also has two photo-active 
ligands that can oxidize oligonucleotides.  In the presence of a quencher, we hypothesize the 
bipyridine (bpy) ligand and possibly the dppz ligand can oxidize DNA via the flash-quench 
mechanism, and in the absence of a quencher the dppz ligand can also oxidize DNA.  Since 
we cannot pinpoint the oxidation mechanism for Ru(bpy)2(dppz)2+, we studied the complex 
under several conditions with and without the quencher. 
Figure 3.10 depicts the oxidation or IRE DNA in the presence of Ru(bpy)2(dppz)2+, a 
quencher, Co(NH3)5Cl2+, and two different filters (138 and 368 nm).  In the presence of a 
quencher, multiple competing mechanisms may be occurring.  The flash-quench mechanism 
can occur with both unbound bpy and dppz ligands and direct oxidation via the dppz ligand 
may also be occurring concurrently.  Using two filters, at 30 min of photolysis over-oxidation 
occurs causing indistinguishable bands of oxidation at all the guanines and rendering it 
harder to calculate the oxidation.  However, at 15 min of photolysis specific oxidation at the 
guanine sites occurs with the 138 nm filter.  Figure 3.11B shows the quantitation of this 
reaction.   
There is increased oxidation at the nucleotides G14, G20, G25, and G28 which are in the 
loops and bulges of the conformations, and there is increased oxidation at the 5′-guanines, G7 
and G34, possibly indicating 5′ specificity.  The G35 and G43 nucleotides have greater 
oxidation than G9 because they are 5′-guanines of a 5′-GA-3′ series.4  These results indicate 
that we are observing two oxidation mechanisms: flash-quench and direct oxidation by the 
metal complex.  If the mechanisms are in competition, results suggest a preference for the 
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flash-quench mechanism that would occur when the dppz ligand was not intercalated.  This 
may explain why G20 has the greatest oxidation and why less oxidation occurs at the 
normally flexible regions at nucleotides G28 and G31.  When the dppz ligand is not 
intercalated into DNA, it has an excited state lifetime of 75 ns63, 64 which is less than that of 
Ru(bpy)32+ in the flash-quench mechanism.42  This short lifetime would cause only a limited 
population of highly labile, solvent accessible regions of DNA to be oxidized.  Thus, during 
the excited state lifetime of Ru(bpy)2(dppz)2+ only one conformation of the IRE DNA can be 
oxidized, which is an average of the four conformations predicted (Figures 3.1B and 3.6)32, 
33 because of the high flexibility and the movement in solution of the IRE DNA.  
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Figure 3.10.  Ru(bpy)2(dppz)2+ reaction of IRE in the presence of a quencher.  Lanes 1-7 and 
14-20 are controls: Lanes 1 and 14 = labeled DNA, Lanes 2 and 15 = folded DNA, Lanes 3 
and 16 = Maxam-Gilbert guanine sequencing lane, Lanes 4 and 17 = folded DNA only 
treated with Ru(bpy)2(dppz)2+, Lanes 5 and 18 = folded DNA only treated with 
Co(NH3)5Cl2+, Lanes 6 and 19 = no photolysis, and Lanes 7 and 20 = no piperidine 
treatment.  The [Ru(bpy)2(dppz)2+] = 800  µM in Lanes 8-13 and 21-26, [Co(NH3)5Cl2+] = 
4000 µM in Lanes 8-13 and 21-26, and the time of photolysis and light filter is indicated 
above each lane.  The arrow indicates uncut DNA that was not oxidized. 
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Figure 3.11.  (A) The Ru(bpy)2(dppz)2+ reaction of IRE with quencher and the 138 nm light 
filter.  The [Ru(bpy)2(dppz)2+] = 800  µM in Lanes 1-3, [Co(NH3)5Cl2+] = 4000 µM in Lanes 
1-3, and photolysis occurred over 15 min.  (B) Quantitation of Ru(bpy)2(dppz)2+ cleavage of 
(A).  Cleavage intensities are in arbitrary units normalized to the cleavage occurring at G8.  
Error bars represent the standard deviation.  The reaction was run in triplicate. 
 
 Without quencher, the Ru(bpy)2(dppz)2+ oxidation gives clearer results using either 
the 138 or 368 nm light filters (Figure 3.12).  For quantitation, the 368 nm filter results were 
used because they showed greater oxidation intensities (Figure 3.13B). 
  91
 
 
Figure 3.12.  Ru(bpy)2(dppz)2+ reaction of IRE in the absence of a quencher.  Lanes 1-7 and 
14-20 are controls: Lanes 1 and 14 = labeled DNA, Lanes 2 and 15 = folded DNA, Lanes 3 
and 16 = Maxam-Gilbert guanine sequencing lane, Lanes 4 and 17 = folded DNA treated 
with Ru(bpy)2(dppz)2+ and Co(NH3)5Cl2+, Lanes 5 and 18 = folded DNA only treated with 
Co(NH3)5Cl2+, Lanes 6 and 19 = no photolysis, and Lanes 7 and 20 = no piperidine 
treatment.  The [Ru(bpy)2(dppz)2+] = 800 µM in Lanes 8-13 and 21-26 and the time of 
photolysis and light filter is indicated above each lane.  
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 In Figure 3.13A and B, little specificity for the flexible regions of the IRE DNA is 
seen as indicated by the nucleotides at loops and bulges at G14, G20, G25, G28, and G31 versus 
the nucleotides in stem regions at G35 and G43.  There may be 5′ specificity at G7 and G34 as 
indicated by the higher oxidation intensity in comparison to nucleotides G9 and G35.  
Nucleotides G43 and G35 may have greater oxidation than G9 because they are 5′-guanines of 
a 5′-GA-3′.  Since the dppz ligand is intercalated into DNA, Ru(bpy)2(dppz)2+ is a stronger 
binder than the other ruthenium complexes studied.  When no quencher is present, we are 
most likely seeing direct oxidation of DNA occurring due to a lack of specificity leading to 
greater overall oxidation intensity.  This is evidenced by the lack of differences in oxidation 
intensity between the nucleotides found in loops and bulges versus the nucleotides found in 
the stem regions and the high oxidation seen at almost all guanines. 
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Figure 3.13.  (A) The Ru(bpy)2(dppz)2+ reaction of IRE in the absence of a quencher with 
the 368 nm light filter.  The [Ru(bpy)2(dppz)2+] = 800  µM in Lanes 1-3 and photolysis 
occurred over 30 min.  (B) Quantitation of Ru(bpy)2(dppz)2+ cleavage of (A).  Cleavage 
intensities are in arbitrary units normalized to the cleavage occurring at G8.  Error bars 
represent the standard deviation.  The reaction was run in triplicate. 
 
 
3.3.1.5  Summary of IRE DNA oxidation 
Figure 3.14 shows a comparison of the results of IRE DNA oxidation with all 
ruthenium complexes studied.   Since it was assumed that Ru(bpy)2(dppz)2+ was undergoing 
different mechanisms of oxidation, the best results of Ru(bpy)2(dppz)2+ with and without 
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quencher are both included in the chart.  Oxidation by Ru(bpy)2(dppz)2+ in the absence of a 
quencher exhibits the greatest guanine oxidation of all the ruthenium complexes studied; 
however, with Ru(bpy)2(dppz)2+, the specificity for guanine oxidation was lost.  This was 
most likely due to the direct oxidation of the intercalated dppz ligand.  Intercalation allows 
closer binding of the Ru(bpy)2(dppz)2+ to the DNA and enables the ruthenium complex to 
oxidize guanines with higher oxidation potentials that are not necessarily in labile regions or 
5′-guanines.  In the presence of a quencher, Ru(bpy)2(dppz)2+ oxidation could be occurring 
by multiple mechanisms; however, the observation that nucleotide G20 had an increased 
intensity of oxidation and less oxidation occurring at the normally flexible regions at 
nucleotides G28 and G31 in comparison to the other ruthenium complexes lead us to believe 
that the flash-quench mechanism of oxidation is preferred with non-intercalated 
Ru(bpy)2(dppz)2+ oxidizing the DNA.  When Ru(bpy)2(dppz)2+ is not intercalated, it has the 
shortest excited state lifetime of all the ruthenium complexes, thus, only allowing nucleotides 
that have the lowest oxidation potential to be oxidized, similar to what is observed with 
Ru(bpy)32+.   
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Figure 3.14.  Compilation of the IRE DNA oxidiation by all ruthenium complexes studied: 
Ru(bpy)32+, Ru(tpy)(bpy)O2+, Ru(bpz)32+, and Ru(bpy)2(dppz)2+.  For Ru(bpy)32+, statistically 
significant (P < 0.05) differences in intensity were found between Ru(bpy)32+ and 
Ru(tpy)(bpy)O2+ at G43, G34, G31, G28, G25, G20, and G4; between Ru(bpy)32+ and Ru(bpz)32+ 
at G28, G25, and G4; between Ru(bpy)32+ and Ru(bpy)2(dppz)2+ with quencher at 138 nm at 
G43, G35, G34, G31, G28, G25, G20, and G14; between Ru(bpy)32+ and Ru(bpy)2(dppz)2+ without 
quencher at 368 nm at G43, G35, G34, G31, G28, G25, G20, G14, G7, and G4.  For 
Ru(tpy)(bpy)O2+ statistically significant differences were found between Ru(tpy)(bpy)O2+ 
and Ru(bpy)2(dppz)2+ with quencher at 138 nm at G20 and G4; and between Ru(tpy)(bpy)O2+ 
and Ru(bpy)2(dppz)2+ without quencher at 368 nm at G43, G35, G34, G31, G28, G25, G20, G14, 
and G4.  For Ru(bpz)32+ statistically significant differences were found between Ru(bpz)32+ 
and Ru(bpy)2(dppz)2+ with quencher at 138 nm at G43, G35, G34, G25, and G20; and between 
Ru(bpz)32+ and Ru(bpy)2(dppz)2+ without quencher at 368 nm at G43, G35, G34, G31, G28, G25, 
G20, G14, G7, and G4.  Statistically significant differences occurred between Ru(bpy)2(dppz)2+ 
with quencher at 138 nm and Ru(bpy)2(dppz)2+ without quencher at 368 nm at G43, G35, G34, 
G31, G28, G25, G20, G14, G9 and G4.  No statistically significant differences were found 
between Ru(bpz)32+ and Ru(tpy)(bpy)O2+.  Cleavage intensities are in arbitrary units 
normalized to the cleavage occurring at G8.  Error bars represent the standard deviation.  
Each reaction was run in triplicate. 
 
 
Oxidation by Ru(tpy)(bpy)O2+ also shows increased oxidation, but there is less 
specific targeting of nucleotides found within the labile region (at nucleotides G14, G20, and 
G25) and more comprehensive oxidation of the whole oligonucleotide as evidenced by the 
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high intensities of oxidation that occur in stem regions in comparison to the other ruthenium 
complexes.  Oxidation by Ru(tpy)(bpy)O2+ was very similar to that found with Ru(bpz)32+ 
and no significant differences were found between the two methods.  The Ru(bpz)32+ 
complex which oxidizes DNA directly was previously found to have 5′-specificity and 
targeted single-stranded DNA,56-59, 74 which in the IRE DNA conformations occurs at loops 
and bulges.  Our results mirror these previous results; however, unlike oxidation with 
Ru(bpy)32+, oxidation can still be observed in the less labile stem regions.  The Ru(bpy)32+ 
complex which oxidizes nucleotides via the flash-quench mechanism showed the lowest 
oxidation intensities; however, guanines with the lowest oxidation potential, such as 5′-
guanines and labile guanines, were specifically oxidized.  This specificity is due to the 
limited lifetime of the excited state of the Ru(bpy)32+ complex which only allows this 
complex to oxidize nucleotides that are always in low potential states.   
 
3.3.2 The MIRE DNA Studies 
 MIRE DNA is predicted by Mfold to fold into only one energetically favorable 
conformation (Figures 3.1A and 3.15).32, 33  With only one favorable conformation, there 
should be less flexibility than with IRE DNA; and therefore, results obtained with MIRE 
DNA should be more straightforward.  
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Figure 3.15.  Structure of MIRE DNA as predicted by Mfold with a calculated energy (∆G°) 
of -9.50 kcal/mol.32, 33 
 
 
3.3.2.1 Ru(bpy)32+ Oxidation of MIRE DNA 
MIRE DNA was oxidized by Ru(bpy)32+ and Co(NH3)5Cl2+ via the flash-quench 
method as shown in Figure 3.16A and B, where 5′ specificity is present at the nucleotide G7 
found in a 5′-GGG-3′ series and the nucleotide G32 found in a 5′-GG-3′ series.  Lower 
oxidation is present in the stem regions at nucleotides G9, G28, G33, and G41.  More flexible 
regions located at the hairpin loop at G20 and G25 show higher oxidation.  These results are 
very similar to results obtained with IRE DNA in Section 3.3.1.1 except for the higher 
oxidation intensity seen at G14.  The nucleotide G14 from the conformation calculated by 
Mfold (Figures 3.1A and 3.15)32, 33 is not in a loop or bulge structure, is not directly adjacent 
to such a structural feature, and is not a 5′-guanine in any 5′-GG-3′ or 5′-GA-3′ series.  The 
G14 nucleotide may be in a flexible structural region that was not predicted by Mfold 
calculations32, 33 but can be detected by chemical oxidation. 
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Figure 3.16.  (A) The Ru(bpy)32+ oxidation of MIRE DNA as depicted on an electrophoretic 
gel.  Lanes 1-7 are controls: Lane 1 = labeled DNA, Lane 2 = folded DNA, Lane 3 = 
Maxam-Gilbert guanine sequencing lane, Lane 4 = folded DNA only treated with Ru(bpy)32+, 
Lane 5 = folded DNA only treated with Co(NH3)5Cl2+, Lane 6 = no photolysis, and Lane 7 = 
no piperidine treatment.  For Lanes 8-10, [Ru(bpy)32+] = 75 µM, [Co(NH3)5Cl2+] = 750 µΜ.  
Time of photolysis was 2.5 min.  (B) Quantitation of (A), cleavage intensities are in arbitrary 
units normalized to the cleavage occurring at G8.  Error bars represent the standard deviation.  
The reaction was run in triplicate. 
 
3.3.2.2 Ru(tpy)(bpy)O2+Oxidation of MIRE DNA 
Oxidation of MIRE DNA by Ru(tpy)(bpy)O2+ is shown in Figure 3.17A and B, and 
higher oxidation is seen in the hairpin loop containing nucleotides G20 and G25.  The higher 
oxidation intensity at G7 is indicative of a lowered oxidation potential as this guanine is a 5′-
guanine in the 5′-GGG-3′ series.  The increase in oxidation intensity at G28 may be due to its 
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location adjacent to a bulge region or its position as a 5′-guanine in a 5′-GA-3′ series.  No 5′ 
specificity is seen at G32.  As with the Ru(bpy)32+ flash-quench oxidation for MIRE DNA 
there is increased oxidation at G14 that cannot be explained by the Mfold conformation 
(Figures 3.1A and 3.15),32, 33 possibly giving further evidence for a flexible region at G14.  In 
contrast to the IRE DNA oxidation of Ru(tpy)(bpy)O2+ in Section 3.3.1.2, there is greater 
specificity seen at the flexible regions of the DNA at G20 and G25. 
 
 
 
 
  100
 
Figure 3.17.  The Ru(tpy)(bpy)O2+ reaction of MIRE DNA: (A) the Ru(tpy)(bpy)O2+ 
reaction where [Ru(tpy)(bpy)O2+] = 260 µM in Lanes 1-3 and was reacted for 7.5 min, and 
(B) quantitation of (A), cleavage intensities are in arbitrary units normalized to the cleavage 
occurring at G8.  Error bars represent the standard deviation.  The reaction was run in 
triplicate. 
 
 
3.3.2.3 Ru(bpz)32+ Oxidation of MIRE DNA 
Previously, the Vicendo lab has found that Ru(bpz)32+ has a specificity for 5′-
guanines found in a series of guanines or in a 5′-GA-3′ series and for guanines in single-
stranded DNA.56-59  In Figure 3.18A and B, the 5′ specificity is observed for G7 and there is 
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an increase in oxidation intensity for G32 in comparison to G33.  Oxidation at G28 and G41 is 
also greater than that of G33, possibly indicating 5′-guanine specificity of a 5′-GA-3′ series; 
however, these nucleotides are also adjacent to bulges which may also lower their oxidation 
potentials leading to greater intensities of oxidation.  Flexible nucleotides G20 and G25 have 
higher oxidation as expected and again G14 has higher oxidation intensities in comparison to 
other nucleotides located in stem regions, possibly indicating that it is involved in a labile 
structural region such as an internal bulge.  Results obtained for MIRE DNA oxidation with 
Ru(bpz)32+ are similar to IRE DNA in Section 3.3.1.3. 
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Figure 3.18.  (A) The MIRE DNA oxidized with Ru(bpz)32+.  The [Ru(bpz)32+] = 300 µM for 
Lanes 1-3 and photolysis occurred over 10 min.  (B) Quantitation of Ru(bpz)32+ cleavage of 
(A).  Cleavage intensities are in arbitrary units normalized to the cleavage occurring at G8.  
Error bars represent the standard deviation.  The reaction was run in triplicate. 
 
3.3.2.4 Ru(bpy)2(dppz)2+ Oxidation of MIRE DNA 
Similar to IRE DNA, Ru(bpy)2(dppz)2+ oxidation of MIRE DNA is complex, and is 
due to the multiple ways that Ru(bpy)2(dppz)2+ can bind and possibly oxidize DNA.  We 
examined the oxidation of DNA with and without quencher at different times of photolysis, 
and with two different light filters (138 and 368 nm). 
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Oxidation of MIRE DNA with Ru(bpy)2(dppz)2+, the quencher Co(NH3)5Cl2+, and the 
138 and 368 nm light filters is shown in Figure 3.19.  In the presence of a quencher, multiple 
oxidation mechanisms may be occurring and in competition with each other, leading to over-
oxidation.  When too much oxidation occurs, it causes indistinguishable bands of oxidation at 
all guanine residues and making it more difficult to calculate the oxidation intensities.  
However, at 15 min of photolysis with the 138 nm filter distinct oxidation at the guanine sites 
occurs.  Figure 3.20B shows the quantitation of this reaction.   
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Figure 3.19.  The Ru(bpy)2(dppz)2+ reaction of MIRE in the presence of a quencher.  Lanes 
1-7 and 14-20 are controls: Lanes 1 and 14 = labeled DNA, Lanes 2 and 15 = folded DNA, 
Lanes 3 and 16 = Maxam-Gilbert guanine sequencing lane, Lanes 4 and 17 = folded DNA 
only treated with Ru(bpy)2(dppz)2+, Lanes 5 and 18 = folded DNA only treated with 
Co(NH3)5Cl2+, Lanes 6 and 19 = no photolysis, and Lanes 7 and 20 = no piperidine 
treatment.  The [Ru(bpy)2(dppz)2+] = 800  µM in Lanes 8-13 and 21-26, [Co(NH3)5Cl2+] = 
4000 µM in Lanes 8-13 and 21-26, and the time of photolysis and light filter is indicated 
above each lane.  The arrow indicates uncut DNA that was not oxidized. 
 
 
Increased oxidation can be seen at nucleotides G20 and G25, which correlates to the 
hairpin loop.  Again there is increased oxidation at G14, (Figure 3.20A and B) which we 
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assume correlates to a flexible region that was not calculated to occur by the Mfold structure 
(Figures 3.1A and 3.15).32, 33  There is a slight increase in the intensity of oxidation for the 
5′-guanine G32, in comparison to G33, and G7.  Slight increases in intensity are observed for 
the 5′-guanines, of the 5′-GA-3′ series (G28 and G41).  These residues, which are also adjacent 
to bulge regions, may have increased oxidation.  In this experiment, a mix of the oxidation 
mechanisms, flash-quench mechanism oxidation and direct oxidation, may be occurring 
making interpretation of the results more difficult.  These results may be similar to that 
observed with IRE DNA in Section 3.3.1.4 which suggested a preference for the flash-
quench mechanism that occurs when the Ru(bpy)2(dppz)2+ complex is not intercalated.  The 
increases in oxidation seen at all nucleotides can be attributed to their lower oxidation 
potentials that is similar to that seen with Ru(bpy)32+.  
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Figure 3.20.  (A) The Ru(bpy)2(dppz)2+ reaction of MIRE in the presence of a quencher and 
138 nm light filter.  The [Ru(bpy)2(dppz)2+] = 800 µM in Lanes 1-3, [Co(NH3)5Cl2+] = 4000 
µM in Lanes 1-3, and photolysis occurred over 15 min.  (B) Quantitation of 
Ru(bpy)2(dppz)2+ cleavage of (A).  Cleavage intensities are in arbitrary units normalized to 
the cleavage occurring at G8.  Error bars represent the standard deviation.  The reaction was 
run in triplicate. 
 
Oxidation of MIRE with Ru(bpy)2(dppz)2+ in the absence of quencher is shown in 
Figure 3.21.  Here, the specific oxidation for all of the guanines can clearly be seen in 
contrast to oxidation in the presence of the quencher in Figure 3.19.  For quantitation, the 
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368 nm filter results at 30 min were used because they showed the greatest oxidation of all 
guanines (Figure 3.22B). 
 
Figure 3.21.  The Ru(bpy)2(dppz)2+ reaction of MIRE DNA in the absence of a quencher.  
Lanes 1-7 and 14-20 are controls: Lanes 1 and 14 = labeled DNA, Lanes 2 and 15 = folded 
DNA, Lanes 3 and 16 = Maxam-Gilbert guanine sequencing lane, Lanes 4 and 17 = folded 
DNA treated with Ru(bpy)2(dppz)2+ and Co(NH3)5Cl2+, Lanes 5 and 18 = folded DNA only 
treated with Co(NH3)5Cl2+, Lanes 6 and 19 = no photolysis, and Lanes 7 and 20 = no 
piperidine treatment.  The [Ru(bpy)2(dppz)2+] = 800  µM in Lanes 8-13 and 21-26 and the 
time of photolysis and light filter is indicated above each lane.   
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As shown in Figure 3.22A and B, there is increased intensity of oxidation in the 
hairpin loop nucleotide G20, and an increased oxidation at G14 which does not correlate with 
the Mfold predicted structure (Figures 3.1 and 3.14).32, 33  However, there is little difference 
seen between G25 of the hairpin loop and the nucleotides G28, G32, and G33, which are found 
in the stem region of the oligonucleotide.  There may be some 5′ specificity at G7 but its 
oxidation is similar to the 3′-guanine G33.  These results are similar to those found with IRE 
DNA in Section 3.3.1.4, and may be due to direct oxidation occurring through the 
intercalated dppz ligand, since no quencher is present.  This causes a lack of specificity and 
greater overall oxidation. 
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Figure 3.22.  (A) The Ru(bpy)2(dppz)2+ reaction of MIRE in the absence of a quencher and 
with the 368 nm light filter.  The [Ru(bpy)2(dppz)2+] = 800 µM in Lanes 1-3, and photolysis 
occurred over 30 min.  (B) Quantitation of Ru(bpy)2(dppz)2+ cleavage of (A).  Cleavage 
intensities are in arbitrary units normalized to the cleavage occurring at G8.  Error bars 
represent the standard deviation.  The reaction was run in triplicate. 
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3.3.2.5  Summary of MIRE DNA oxidation 
MIRE DNA yielded similar results for the oxidation of DNA by the ruthenium 
complexes, even though, the MIRE DNA was predicted to be less labile then IRE DNA due 
to the calculation of only one conformation by Mfold (Figures 3.1A and 3.15).32, 33  A 
comparison of these oxidation results with all the ruthenium complexes studied is depicted in 
Figure 3.23. 
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Figure 3.23.  Compilation of the MIRE DNA oxidiation by all ruthenium complexes studied: 
Ru(bpy)32+, Ru(tpy)(bpy)O2+, Ru(bpz)32+, and Ru(bpy)2(dppz)2+.  For Ru(bpy)32+, statistically 
significant (P < 0.05) differences in intensity were found between Ru(bpy)32+ and 
Ru(tpy)(bpy)O2+ at G41, G32, G28, G25, G20, G7, and G4; between Ru(bpy)32+ and Ru(bpz)32+ at 
G41, G28, G25, G20, G9, G7, and G4; between Ru(bpy)32+ and Ru(bpy)2(dppz)2+ with quencher 
at 138 nm at G41, G28, and G4; between Ru(bpy)32+ and Ru(bpy)2(dppz)2+ without quencher at 
368 nm at G41, G33, G28, G25, G20, G14, and G4.  For Ru(tpy)(bpy)O2+ statistically significant 
differences were found between Ru(tpy)(bpy)O2+ and Ru(bpz)32+ at G32, G25, G20, G14, G9, 
G7, and G4; between Ru(tpy)(bpy)O2+ and Ru(bpy)2(dppz)2+ with quencher at 138 nm at G25, 
G14, and G7; and between Ru(tpy)(bpy)O2+ and Ru(bpy)2(dppz)2+ without quencher at 368 
nm at G33, G28, G14, G7, and G4.  For Ru(bpz)32+ statistically significant differences were 
found between Ru(bpz)32+ and Ru(bpy)2(dppz)2+ with quencher at 138 nm at G25, G20, G9, G7, 
and G4; and between Ru(bpz)32+ and Ru(bpy)2(dppz)2+ without quencher at 368 nm at G25, 
G20, G14, G9, G7, and G4.  Statistically significant differences occurred between 
Ru(bpy)2(dppz)2+ with quencher at 138 nm and Ru(bpy)2(dppz)2+ without quencher at 368 
nm at G33, G28, G14, and G4.  Cleavage intensities are in arbitrary units normalized to the 
cleavage occurring at G8.  Error bars represent the standard deviation.  Each reaction was run 
in triplicate. 
   
The MIRE DNA oxidation with the Ru(bpy)2(dppz)2+ complex in the absence of a 
quencher did not lead to the greatest level of oxidation of the ruthenium compounds studied.  
This finding is in contrast to the guanines of IRE DNA, and is most likely due to the 
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differences in flexibility.  However, the lack of specific guanine oxidation is still seen with 
this complex, most likely due to the direct oxidation that is occurring in the absence of the 
quencher and the tighter binding of the Ru(bpy)2(dppz)2+ complex through the intercalated 
dppz ligand.  Intercalation of Ru(bpy)2(dppz)2+ allows the metal complex to be closer to the 
nucleotide which enables the oxidation of guanines that are not as solvent accessible.   
In the presence of a quencher, the Ru(bpy)2(dppz)2+ oxidation of IRE DNA was 
thought to occur via the flash-quench mechanism similar to Ru(bpy)32+ oxidation.  Parallel 
results were observed with MIRE; increases in oxidation intensity occurred at nucleotides 
with lower oxidation potentials and little oxidation was found with nucleotides of higher 
oxidation potentials (base-paired, and not in a 5′-GG-3′ or 5′-GA-3′ series).  As with the 
Ru(bpy)32+ complex in the flash-quench mechanism, Ru(bpy)2(dppz)2+ has a very short 
excited state lifetime that only allows nucleotides with the lowest oxidation potential at the 
time the excited state of the complex is present to be oxidized, causing a high degree of 
specificity in oxidation. 
 Oxidation by Ru(tpy)(bpy)O2+ also shows high intensities of oxidation; yet, in 
contrast to the IRE DNA oxidation of Ru(tpy)(bpy)O2+ in Section 3.3.1.2, there is greater 
specificity seen at the flexible regions of the DNA at G20 and G25.  Similar to Section 3.3.1.5, 
there are few differences between Ru(tpy)(bpy)O2+ and Ru(bpz)32+; including the oxidation 
seen at G14.  Both Ru(tpy)(bpy)O2+ and Ru(bpz)32+ do not show as great of an increase in 
oxidation intensity at G14 as the other ruthenium complexes.  This may indicate a decrease in 
specificity that was previously seen with IRE DNA with these complexes.   
The Ru(bpz)32+ oxidation of DNA has already been studied and found to target 5′-
guanines and single-stranded DNA.56-59  In our experiments, single-stranded DNA occurs in 
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the loops and bulges of the IRE DNA conformations.32, 33  The results obtained with MIRE 
DNA parallel those of IRE DNA and the Vicendo lab; the Ru(bpz)32+ targets guanines that 
are found in the flexible loop and bulge regions and targets guanines found 5′ in a series of 
guanines or in the 5′-GA-3′ series.  However, the Ru(bpz)32+ oxidation was not as specific as 
that of the flash-quench mechanism as guanines in stem regions that were not 5′-guanines 
were still modestly oxidized.  Similar to IRE DNA, the Ru(bpy)32+ complex usually showed 
the lowest oxidation intensities with MIRE DNA but had a high degree of specificity in 
oxidizing guanines with the lowest oxidation potentials due to the limited lifetime of the 
excited state of the Ru(bpy)32+ complex which only allows oxidation of the nucleotides with 
the lowest oxidation potential.   
The most surprising result obtained with MIRE DNA is the presence of a high degree 
of oxidation of G14 with all ruthenium complexes.  Increased oxidation at G14 suggests it is 
located in a flexible region such as a bulge or loop; however, this conformation was not 
predicted by Mfold.32, 33 
   
3.4 Conclusions 
In this chapter, we examined the oxidation of DNA that occurs with four ruthenium 
complexes: Ru(bpy)32+, Ru(tpy)(bpy)O2+, Ru(bpz)32+, and Ru(bpy)2(dppz)2+, and two 
nucleotide strands: IRE and MIRE DNA.  The IRE DNA was calculated by Mfold to fold 
into four different conformations, and MIRE DNA was predicted to only fold into one 
conformation.32, 33  Even though the IRE and MIRE DNA have different conformations and 
MIRE DNA is predicted to be less labile than IRE, similar oxidation of the ruthenium 
complexes is seen with both pieces of DNA. 
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Of the ruthenium complexes studied in this chapter, oxidation by Ru(bpy)2(dppz)2+ 
was found to be the most complicated.  In DNA, the dppz ligand binds to DNA by 
intercalation and can occur in two different ways as discussed in Section 3.1.3.4.64, 65  If the 
dppz ligand does not intercalate into the DNA, Ru(bpy)2(dppz)2+ can also bind 
electrostatically to DNA.64, 65  The Ru(bpy)2(dppz)2+ complex also has two photo-active 
ligands that can oxidize oligonucleotides.  The Ru(bpy)2(dppz)2+ complex can both 
intercalate and bind electrostatically to DNA; therefore, we hypothesized that different 
oxidation mechanisms could occur.  
The DNA oxidation with Ru(bpy)2(dppz)2+ complex in the absence of a quencher, 
showed a high intensity of oxidation for the whole oligonucleotide.  Oxidation by 
Ru(bpy)2(dppz)2+ also showed an increased lack of specificity leading to minimal differences 
seen between nucleotides with low oxidation potential (not base-paired in structural regions 
of flexibility such as in loops and bulges or 5′-guanines in a series of guanines or the 5′-GA-
3′ series) and those with high oxidation potential (base-paired and not found in regions of 
structural flexibility, and not a 5′-guanine in a series of guanine or in a 5′-GA-3′ series).  
These results are most likely due to the direct oxidation that is occurring in the absence of the 
quencher and the tighter binding of the Ru(bpy)2(dppz)2+ complex through the intercalated 
dppz ligand, allowing the Ru(bpy)2(dppz)2+ to be closer to the nucleotide and able to oxidize 
the guanines with higher oxidation potential with similar intensity as those with lower 
oxidation potential.   
In the presence of a quencher, Ru(bpy)2(dppz)2+ DNA oxidation was thought to occur 
via the flash-quench mechanism similar to Ru(bpy)32+ oxidation.  Most oxidation only 
occurred at nucleotides with lower oxidation potentials and little oxidation was found with 
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nucleotides of higher oxidation potentials.  Similar results were obtained with the Ru(bpy)32+ 
complex which is known to only oxidize nucleotides via the flash-quench mechanism.  These 
results are most likely attributed to a very short-lived excited state of the non-intercalated 
Ru(bpy)2(dppz)2+ and Ru(bpy)32+ complexes, which only allows nucleotides with the lowest 
oxidation potential at the time the excited state of the complex is present to be oxidized, 
leading to a high degree of specificity in oxidation. 
 DNA oxidation by Ru(tpy)(bpy)O2+ was previously found to mostly occur at solvent 
accessible guanines.9, 43, 47-49  In this study we saw this result; however, we also observed less 
specific targeting of nucleotides found within the labile regions and more comprehensive 
oxidation of the whole oligonucleotide as evidenced by the high intensities of oxidation that 
occur in stem regions in comparison to the other ruthenium complexes, particular with IRE 
DNA.  With MIRE DNA greater specificity was seen at the flexible regions of the DNA, the 
extent of the increase in oxidation intensity seen at G14 that was seen with the other 
ruthenium complexes was not found with both Ru(tpy)(bpy)O2+ and Ru(bpz)32+ oxidation.  
This result still indicates that a decrease in specificity is occurring with these ruthenium 
complexes along with a greater overall oxidation of all nucleotides in the DNA, as seen with 
IRE DNA.  Oxidation of Ru(tpy)(bpy)O2+ was very similar to that found with Ru(bpz)32+, 
with very few differences found between the two methods, indicating that both methods have 
greater oxidation in flexible regions but do not target those regions with the specificity that is 
seen with other ruthenium complexes.  The Ru(tpy)(bpy)O2+ and Ru(bpz)32+ complexes are 
able to oxidize many nucleotides in the DNA with less of a dependence on its flexibility.  
The oxidation of IRE and MIRE DNA by Ru(bpz)32+ parallel the results of the Vicendo 
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lab;56-59 the Ru(bpz)32+ targets guanines that are found in the flexible loop and bulge regions 
and targets guanines found 5′ in a series of guanines or in the 5′-GA-3′ series.   
The most significant result obtained from this study of MIRE DNA is that higher 
intensities of oxidation were found with all ruthenium complexes at the nucleotide G14.  This 
finding suggests that this nucleotide is in a labile region, perhaps a loop or bulge, for the 
oxidation potential to be low enough to cause the high intensities of oxidation.  However, the 
Mfold conformation (Figures 3.1A and 3.15)32, 33 shows G14 as being base-paired and in a 
stem region which would indicate a higher oxidation potential for this nucleotide.  The G14 
nucleotide was not a 5′-guanine involved in a series of guanines or a 5′-GA-3′; therefore, we 
assume that the G14 nucleotide is located in a region of high flexibility that was not calculated 
by the Mfold program.   
 
3.5 Future Directions 
 In these experiments, we explored the oxidation of DNA with four ruthenium 
complexes.  Isotope effect studies still need to be done for the oxidation of DNA with all of 
the ruthenium complexes except for Ru(bpz)32+.  Under deuterated conditions the lifetime of 
the excited state of the Ru(bpz)32+ complex occurs, causing over-oxidation and renders 
cleavage bands indistinct and unable to be quantified as observed with RNA in Chapter 5, 
Section 5.3.5 and by the Vicendo lab with DNA.59  The isotope effect studies will allow a 
clearer observation of the effect of proton transfer on DNA oxidation.  
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 Chapter 4 
Investigating the Electron-Transfer Reactions of RNA with Ru(bpy)32+ and 
Ru(tpy)(bpy)O2+ 
 
4.1 Introduction 
4.1.1 Electron-Transfer Chemistry of RNA 
 The oxidation of DNA has been studied extensively and is implicated in aging, 
cancer, atherosclerosis, and neurological disorders.1-5  The electron transfer chemistry of 
DNA has been studied extensively using many techniques including cyclic voltammetry,6-8 
transient absorption spectroscopy,9, 10 emission spectroscopy,11, 12 chronoamperometry,6 pulse 
radiolysis,10 electron paramagnetic resonance spectroscopy,2, 13 as well as stopped-flow 
spectrophotometry,8 and the flash-quench method.4, 7, 9-11, 14-17   
Recently, there has been considerable attention toward RNA, but its electron-transfer 
chemistry has not been studied comprehensively.  The increased interest in RNA oxidation is 
due to the identification of oxidized RNA species present in brain tissue affected by 
neurological disorders such as Alzheimer’s disease (AD) and the possibility of RNA as a 
therapeutic drug target.1-3, 18-24  Recently, lipid peroxidation and oxidation of proteins, DNA 
and RNA has been found in the vulnerable regions of the brains of patients with AD and mild 
cognitive impairment.1-3, 20  This oxidation occurs early in the diseases and can lead to 
disruptive changes in protein synthesis and ribosome function.  Although it is unknown what 
effect the oxidized RNA has, these observations suggest that RNA may be used as a potential 
drug target in these neurological disorders.   
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4.1.1.1 Drug Targeting of RNA and Ru(tpy)(bpy)O2+ Footprinting 
Several small molecules, such as the macrolide and aminoglycoside antibiotics, are 
known to bind to bacterial ribosomal RNA based on shape, electrostatic and hydrogen-
bonding interactions.19, 21-24  This observation has led to the investigation of ways to identify 
small molecules that bind to RNA through the use of such techniques as combinatorial 
libraries,19, 22, 24 computational methods,18, 19, 21 and NMR spectroscopy.18, 19, 23, 24  
Footprinting techniques such as the use of RNases, transition metal complexes, and photo-
oxidation,25, 26 can be used to identify the binding sites of small molecules to the RNA,13, 19, 
22, 27 aiding in the use of RNA as a drug target. 
 
Figure 4.1.  Structure of Ru(tpy)(bpy)O2+. 
 
Our lab has used chemical footprinting to identify a small molecule, yohimbine, that 
effectively binds to human ferritin iron responsive element (IRE) mRNA and disrupts iron 
regulatory protein (IRP) binding to the IRE, increasing the rate of biosynthesis of ferritin.27  
The binding of yohimbine to the IRE was identified by a chemical footprinting method 
involving the Ru(tpy)(bpy)O2+ (tpy = 2,2′,2′′-terpyridine; bpy = 2,2′-bipyridine) complex 
(Figure 4.1) that is a strong enough oxidant to oxidize DNA,27, 28 particularly the guanine 
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bases due to their low redox potential (1.05 V vs SCE) (Scheme 4.1).5, 29  The 
Ru(tpy)(bpy)O2+ complex targets solvent-accessible sites prone to cation binding via an 
inner-sphere reaction with guanine (Chapter 3)8, 13, 14, 27, 30 and can also interact with the 
stem of the RNA in an electrostatic manner.31  The Ru(tpy)(bpy)O2+ complex likely binds to 
the surface of the minor groove in DNA32 with a binding constant of 660 M-1 (Figure 4.2).33, 
34   
Scheme 4.1.  Ru(tpy)(bpy)O2+ oxidation mechanism29 
 
 
 
Figure 4.2.  A model of minor groove binding in DNA.  Taken from references 35 and 36, 
PDB accession number 432d.35, 36   
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4.1.1.2 The IRE and MIRE RNA 
The ferritin IRE is a well-studied RNA sequence; originally its structure was 
proposed to be a stem-loop structure based on computational calculations37, 38 (Figure 4.3A).  
This stem-loop structure was confirmed by nuclease mapping experiments, crystallography 
and NMR spectroscopy.37-40  Its structure consists of a central conserved sequence, 5′-
C14A15G16U17G18N19-3′, which comprises the hexaloop in the hairpin structure, while the 
base-paired stem varies between different IRE mRNAs.23, 37, 39, 41  The hexaloop contains a 
C14-G18 base pair across the loop while G16 is unpaired and solvent-exposed.  The human 
ferritin IRE has a stem structure consisting of the bulged nucleotides G0, U6 and C8, a wobble 
base-pair between bases U10 and G23, and base-paired guanines at positions 7, 22, 26, and 
27.40, 42  We have also studied a mutated form of the human ferritin IRE (MIRE), in which 
the U6 and C8 were deleted from the sequence (Figure 4.3B).  This gave a conformation of a 
bulged U3 and the same conserved hexaloop consisting of 5′-C12A13G14U15G16N17-3′ as 
predicted by Mfold43, 44 and RNAstructure 4.2.45 
4.1.1.3 The tRNAPhe 
Another RNA sequence that has been studied in our lab using the Ru(tpy)(bpy)O2+ 
complex is transfer RNA with a bound phenylalanine (tRNAPhe) (Figure 4.3C).13  The 
tRNAPhe RNA was chosen for its well-known structure and the ability to change its 
conformation from semi-denatured to a folded form simply by changing the salt 
concentrations and annealing temperatures.13, 46  
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Figure 4.3.  Structures of RNA as predicted by Mfold43, 44 and RNAstructure 4.245: (A) 
human ferritin iron responsive element (IRE), with a calculated energy (∆G°) of -17.70 
kcal/mol, (B) mutated human ferritin iron responsive element (MIRE), ∆G° = -25.30 
kcal/mol, and (C) structure of tRNAPhe, as determined by x-ray crystallography.47, 48 
 
4.1.1.4 The Ru(bpy)32+ Complex 
In addition to chemical oxidation with Ru(tpy)(bpy)O2+, DNA can be oxidized by 
transition metal complexes such as Ru(bpy)33+ (bpy = 2,2´-bipyridine) (Scheme 4.3B) and 
other similar Ru and Rh complexes can oxidize guanines, which must be photochemically 
generated and reacted with DNA in situ.  The Ru(bpy)33+ complex is known to oxidize 
guanines via an outer-sphere electron transfer and interacts with DNA in an electrostatic 
manner as an external binder with a binding constant of 0.8 x 103 M-1.9, 11, 17   The Ru(bpy)33+ 
complex can be generated photochemically using the flash-quench technique.  Traditional 
flash-quench methodology, as demonstrated by Barton’s group, selectively oxidizes guanine 
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bases in double-stranded DNA using an exogenous electron donor, an exogenous electron 
acceptor (quencher), and visible light (Scheme 4.2A).9, 16  Visible light excites Ru(bpy)32+ to 
*Ru(bpy)32+ (the electron donor that is interacting with DNA), which then transfers an 
electron to the oxidative quencher creating the unstable Ru(bpy)33+ with a lifetime of 600 
ns.15  In the presence of RNA, Ru(bpy)33+ oxidizes guanine, reducing Ru(bpy)33+ back to the 
stable Ru(bpy)32+ state.7, 9-11, 14-17  Irreversible reactions of the guanine radical with oxygen or 
water yield oxidative lesions that can then be analyzed by gel electrophoresis.10   
 
Scheme 4.2. (A) Flash-quench mechanism and chemical structures for (B) Ru(bpy)32+ and 
(C) Co(NH3)5Cl2+.9, 16 
 
 
The flash-quench technique is commonly used for DNA where it was found that the 
oxidation was targeted at the most solvent accessible nucleotides (Chapter 3),49, 50 but its 
methodology has not been explored for RNA.  Since human ferritin IRE RNA and tRNAPhe 
form folded secondary structures with stem regions, parallels can be drawn between double-
stranded DNA and the stem regions of these RNA strands.  The IRE and tRNAPhe stem 
regions may allow the exogenous electron donor metal complex to bind in an electrostatic 
manner as an external binder along the phosphate backbone.6, 11, 12  With this reasoning, we 
*Ru2+ Ru3+
G
GoxG G
Q-Q
Ru2+
-H+
light
irrev.
Q = quencher, Co(NH3)5Cl2+
G= guanine
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have developed and optimized the use of the flash-quench reaction for RNA.  This method 
may reveal more information pertaining to the electron-transfer chemistry of RNA, how 
metal complexes interact with RNA, and give greater insight as to how small molecules bind 
and interact with RNA as a potential drug target.  We compared the Ru(bpy)32+ oxidation via 
the flash-quench method to RNA oxidation with Ru(tpy)(bpy)O2+.  While Ru(tpy)(bpy)O2+ is 
in a pseudo-stable state with a lifetime > 1h,33, 51, 52 Ru(bpy)32+ has to be converted to its 
excited state, the unstable Ru(bpy)33+ (with a lifetime of 600 ns) in order to oxidize RNA or 
DNA.  We have determined that the flash-quench technique with Ru(bpy)32+ can successfully 
map specific RNA structures (determined via comparison with the Ru(tpy)(bpy)O2+ 
complex).  While the flash-quench technique is not a comprehensive footprinting technique 
on its own, using it in conjunction with another footprinting technique allows us a better 
overall visualization of the conformation of different RNA structures and their sites of 
lability.  
  
4.2 Experimental 
4.2.1 Equipment and Materials 
Plasmid purification kits were purchased from Qiagen. XL-10 Ultracompetent cells 
were purchased from Stratagen.  DraI, T4 RNA ligase, and T4 RNA ligase buffer were 
purchased from New England Biolabs.  Proteinase K (20 mg/ml), phenol/chloroform, acid 
phenol/chloroform, linear acrylamide, GlycoBlue, Superase-In RNase inhibitor (20 U/µl), 
MEGAshortscript T7 Kit, RNase A (1 µg/ml), RNase T1 (1 U/µl), alkaline hydrolysis buffer, 
10% SDS, 10 x phosphate buffered saline (PBS) buffer and high concentration T7 RNA 
Polymerase Plus (200 U/µl) were obtained from Applied Biosystems.  QuikChange II XL 
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Site-Directed Mutagenesis kit and XL10-Gold ultracompetent cells were purchased from 
Stratagene.  Reliant FastLane Pre-cast agarose gel systems were purchased from Lonza.  
Mini Quick Spin RNA spin columns were purchased from Roche.  [5′-32P]pCp (0.01 mCi/µl) 
was obtained from Perkin Elmer.  Ultrafree-MC centrifugal filter devices were purchased 
from Millipore.  Polyspring glass inserts were purchased from National Scientific.  Synthetic 
oligonucleotides were purchased from the University of North Carolina at Chapel Hill 
Lineburger Comprehensive Cancer Center Nucleic Acids Core Facility.  All aqueous 
solutions were prepared with DEPC-H2O obtained from Invitrogen.  DNA was stored in 1 X 
tris(hydroxymethyl)aminomethane (Tris) and ethylenediamine tetraacetic acid (EDTA) (TE) 
buffer.  RNA and labeled RNA were stored in DEPC-H2O.  Sodium chloride, dibasic sodium 
phosphate, monobasic sodium phosphate, sodium acetate, aniline, tris(2,2′-
bipyridyl)dichlororuthenium(II) hexahydrate chloride ([Ru(bpy)3]Cl2), 
pentaamminechlorocobalt(III) chloride ([Co(NH3)5Cl]Cl2), ethylenediamine tetraacetic acid 
(EDTA), formamide, xylene cyanol, and bromophenol blue were all purchased from Sigma-
Aldrich, A.C.S grade, and used as received.  All other chemicals used were molecular 
biology grade.  All concentrations were determined from a Cary 300 Bio UV-Visible 
Spectrophotometer.  Photolysis was done on a 68810 Arc Lamp supply with a 350 W Hg 
lamp and 368 nm cutoff filter from Newport Oriel Instruments.  The MIRE plasmid was 
made by Dr. Julie M. Sullivan of the University of North Carolina at Chapel Hill and the 
pCRII-TOPO vector containing the full-length ferritin mRNA sequence (human H-chain; 5′ 
UTR is 268 bases and contains the IRE) was a gift from Dr. Elizabeth Theil of the Childrens 
Hospital Oakland Research Institute. 
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4.2.2 Methods 
4.2.2.1 Transcription of IRE RNA 
The plasmid containing the T7 promoter sequence 5′ to the human ferritin IRE 
sequence was constructed in our lab. A stock of XL10-Gold ultracompetent cells carrying the 
plasmid with the IRE sequence was streaked on LB/Kan agar plate.  A single colony was 
picked and grown overnight in LB/Kan media (37°C, with shaking at 250 rpm).  The 
plasmids were then isolated and purified using a Qiagen Plasmid Maxi Kit according to 
protocol, final concentrations were determined by absorbance at 260 and 280 nm.  The 
plasmid was digested with DraI (100 µl; in 1xNEB buffer #4, 20 µg of IRE plasmid, 200 U 
DraI) for 2 h at 37°C and treated with 0.5% SDS and proteinase K (10 µg) for 2 h at 50°C 
and purified with phenol/chloroform extraction followed by ethanol precipitation.  DNA 
digestion was verified on a 1% Reliant FastLane Pre-cast agarose gel system.  The 
subsequent DNA was used as a template for T7 RNA polymerase-mediated transcription 
using the MEGAshortscript T7 kit according to protocol with the addition of 200 U T7 RNA 
Polymerase Plus to increase yields and 20 U Superase-In to inhibit RNase degradation.  RNA 
was purified using a mini Quick Spin RNA column according to protocol followed by acid 
phenol/chloroform extraction and ethanol precipitation.  Transcription was verified on a 15% 
denaturing (8 M urea) gel, and concentration was determined by absorbance at 260 and 280 
nm.  The IRE RNA used was a 50-base oligonucleotide containing the sequence, 5′-GGA 
AAG UCG GGG UUU CCU GCU UCA ACA GUG CUU GGA CGG AAC CCG GCU UU-
3′.   
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4.2.2.2 Transcription of MIRE RNA 
The plasmid containing the T7 promoter sequence 5′ to the human ferritin IRE 
sequence was previously constructed in our lab.  This DNA was then altered at the U6 and C8 
sites using site-directed mutagenesis from pCRII-TOPO vector, subcloned into pBluescript 
IISK (+) and used as a template for T7 RNA polymerase-mediated transcription by Dr. Julie 
M. Sullivan.  The DNA nucleotides correlating to U6 and C8 in the final RNA sequence were 
removed to create a more streamlined, less flexible hairpin loop structure.  The subsequent 
plasmid was transformed into XL10-Gold ultracompetent cells and grown on a LB/Kan agar 
plate.  The same protocol for creating IRE DNA and RNA as mentioned previously (Section 
4.2.2.1) was then used to create MIRE DNA and RNA.  The final MIRE RNA used was a 48-
base oligonucleotide containing the sequence, 5′-GGA AAG UCG GGG UUU CCG UUC 
AAC AGU GCU UGG ACG GAA CCC GGC UUU-3′.   
4.2.2.3 3′ RNA End-labeling 
 RNA (30 µg) was 3′ end-labeled with 50-80 µCi of [5′-32P]pCp using 60 U T4 RNA 
ligase overnight at 4°C and then purified through a mini Quick Spin RNA column and on a 
small 10% (7 M urea) polyacrylamide gel.  RNA bands were visualized by autoradiography 
and excised from the gel.  Gel slices were crushed and soaked in elution buffer (0.5 M 
NH4OAc, 1 mM EDTA, 0.1% SDS) with 20 U Superase-In RNase inhibitor in Ultrafree-MC 
filters overnight at 37°C.  Samples were spun down at 4,000 x g and ethanol precipitated 
with linear acrylamide (2.5 µg).  Final concentrations were determined by absorbance at 260 
and 280 nm. 
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4.2.2.4 Purification of tRNAPhe 
Yeast tRNAPhe was obtained from Sigma and dissolved in 0.3 M sodium acetate, 10 
mM Tris-HCl (pH 7.4), 10 mM EDTA, and 0.5% SDS.  The tRNAPhe was then purified by 
several phenol-chloroform extractions and recovered by ethanol precipitation.53  RNA was 
3′-end-labeled using T4 RNA ligase and [5′-32P]pCp following protocol mentioned 
previously.  
4.2.2.5 Ru(bpy)32+ Procedure 
Tris(2,2′-bipyridyl)dichlororuthenium(II) hexahydrate chloride ([Ru(bpy)3]Cl2) and 
pentaamminechlorocobalt(III) chloride ([Co(NH3)5Cl]Cl2) were purchased from Aldrich and 
used as received.  Metals were dissolved either in sodium phosphate buffer (pH 7) or in 
tris(hydroxymethyl)aminomethane (Tris-HCl) buffer (pH 7).  For IRE and MIRE RNA, the 
unlabeled RNA (0.25 µM) and the 32P-pCp 3′ end-labeled RNA (0.875 µM) were folded at 
95°C for 5 min and slowly cooled to room temperature.   For tRNAPhe, unlabeled tRNAPhe 
(0.25 µM) and 32P-pCp 3′ end-labeled tRNAPhe (0.875 µM) were placed in 10 mM sodium 
phosphate (pH 7.0) and 10 mM MgCl2.  The Mg2+ is necessary for tRNA to fold into its 
native structure.  The tRNAPhe was folded into its native form by heating the mixture at 50°C 
for 8 min and slowly cooling to room temperature.  Semidenatured tRNAPhe was prepared by 
heating unlabeled tRNAPhe and labeled tRNAPhe in 10 mM sodium phosphate (pH 7.0) at 
50°C for 8 min with immediate cooling on ice.  All folded and semi-denatured RNA was 
then placed into glass polyspring inserts.  When yohimbine HCl was added, folded RNA and 
yohimbine HCl were incubated at room temperature for 15 min prior to metal additions. The 
photosensitizer, Ru(bpy)32+ (225-425 µM), and the quencher, Co(NH3)5Cl2+ (2250-4250 
µM), were added to the folded and semidenatured RNA and kept in the dark to prevent 
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photolysis.  Photolysis occurred in the presence of a 350 W Hg lamp with a 368 nm cutoff 
filter and water filter for varying exposure lengths.  The reaction was quenched with 60 µl of 
95% ethanol causing irreversible oxidative lesions and ethanol precipitated with 6 µl 3 M 
sodium acetate pH 5.2, 1 µl linear acrylamide, and 1 µl glycoblue.  The samples were treated 
with 1 M aniline (20 µl at pH 4.5) in the dark for 20 min at 60°C.  The samples were then 
frozen, lyophilized to remove the aniline and washed with water and lyophilized two more 
times.  Samples were resuspended in xylene cyanol/bromophenol blue in 80% formamide, 
oxidation was visualized on a 20% (7 M urea) denaturing polyacrylamide gel and analyzed 
and quantified using a Storm 860 phosphorimager and ImageQuant 5.2 software, 
respectively, after overnight exposure on a phosphorimaging screen.  Gels were run with 
RNA ladders were constructed using respective 3′ end-labeled RNA via enzymatic cleavage 
by RNase A, RNase T1 and alkaline hydrolysis from protocol and the following controls: 
labeled RNA with buffer, folded RNA with buffer, no photolysis treatment, no aniline 
treatment, folded RNA treated only with Ru(bpy)32+, and folded RNA treated only with 
Co(NH3)5Cl2+.  
4.2.2.6 Ru(tpy)(bpy)O2+ Procedure 
The Ru(tpy)(bpy)OH22+ was synthesized according to published procedures.51, 52, 54  
The Ru(tpy)(bpy)O2+ oxidant was made through bulk electrolysis by holding the aqueous 
solution of Ru(tpy)(bpy)OH22+ at 0.85 V vs. Ag/AgCl for 10 min in 10 mM sodium 
phosphate (pH 7) with rapid stirring.51, 52  Upon generation of Ru(tpy)(bpy)O2+, a color 
change from brown to yellow occurred along with a leveling off of the current.  The 
concentration of Ru(tpy)(bpy)O2+ was determined by the absorbance of Ru(tpy)(bpy)OH22+ 
generated by the reduction of Ru(tpy)(bpy)O2+ with an excess of L-ascorbic acid at 476 nm 
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(ε = 9600 M-1cm-1).  Varying amounts of Ru(tpy)(bpy)O2+ (100-260 µM) were added and 
reacted for 5, 15, or 30 min at room temperature to folded, semidenatured RNA, or folded 
RNA with yohimbine.  The reaction was quenched with 95% ethanol, ethanol precipitated 
with sodium acetate, linear acrylamide, and glycoblue and then treated with aniline.  Samples 
were frozen, lyophilized to remove aniline and washed with water and lyophilized.  Samples 
were resuspended in xylene cyanol/bromophenol blue in 80% formamide and oxidation was 
visualized on 20% (7 M urea) denaturing polyacrylamide gels, exposed to a 
phosphorimaging screen overnight, analyzed with a Storm 860 phosphorimager and 
quantified using ImageQuant 5.2.27  Gels were run with RNA ladders created by treatment of 
the respective RNA with RNase A, RNase T1 and alkaline hydrolysis and the following 
controls: labeled RNA with buffer, folded RNA with buffer, and no aniline treatment. 
4.2.2.7 Binding Yohimbine to IRE RNA 
Yohimbine hydrochloride was obtained from Sigma and dissolved in DEPC-treated 
water in concentrations ranging from 1-20 µM.  Yohimbine was added to folded IRE RNA 
prior to flash-quench and Ru(tpy)(bpy)O2+ reaction procedures and incubated for 15 min at 
room temperature in Tris buffer (50 mM, pH 7.4).  The concentrations used in the 
Ru(tpy)(bpy)O2+ assay were from 1-20 µM as well.27  
4.2.2.8 Isotope effects 
To demonstrate kinetic isotope effects, the flash-quench reaction was performed with 
RNA, chemical reagents and buffers prepared in D2O (99.9 atom % purchased from Sigma-
Aldrich) by dissolving them in D2O and adjusting the pD (pH + 0.4).  RNA was dissolved in 
D2O, lyophilized and re-dissolved in D2O.  These reactions were compared to similar 
reactions prepared using MilliQ water. 
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4.3 Results and Discussion 
4.3.1 The Ru(bpy)32+ and Ru(tpy)(bpy)O2+ Oxidation  
We utilized two methods to assess the structure of the RNAs in this study, the flash-
quench method with Ru(bpy)32+ and oxidation by the Ru(tpy)(bpy)O2+ complex.  In the flash-
quench method, photo-excited Ru(bpy)32+ is oxidatively quenched by Co(NH3)5Cl2+ to 
produce Ru(bpy)33+, which is relatively short-lived.  The Ru(bpy)33+ complex can either be 
reduced back to Ru(bpy)32+ by the reduced quencher or reduced by the oxidation of 
guanine.4, 7, 9-11, 14-17  This method has been used previously only for DNA where solvent-
accessible nucleotides were targeted (Chapter 3);49, 50 here, we show that oxidation of 
guanine also occurs in RNA and produces an aniline-labile lesion that is visible with gel 
electrophoresis.  
In the Ru(tpy)(bpy)O2+ method, oxidation of guanine occurs via an inner-sphere 
reaction of the oxo ligand of the metal complex with the nucleobase.  In DNA, 1′-oxidation 
of the sugar can also occur, but the 2′-hydroxyl of the ribose of RNA deactivates the 1′-
hydrogen, allowing only direct base oxidation of guanine.7, 8, 13, 14, 27, 28, 30, 33, 34  The guanine 
oxidation occurs preferentially at solvent-accessible sites, particularly those prone to cation 
binding (Chapter 3).8, 13, 14, 27, 30  The Ru(tpy)(bpy)O2+ complex is more stable than 
Ru(bpy)33+ and therefore oxidizes nucleic acids on a longer time scale, potentially targeting 
labile sites that become solvent-accessible during the reaction due to fluctuations in the 
nucleic acid structure. 
The well-characterized13, 23, 37-42, 46-48, 55-57 RNA structures IRE and tRNAPhe were 
chosen to test these two methods, both of which contain base-paired stem regions.  The 
tRNAPhe has the additional advantage of forming a secondary structure known as the semi-
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denatured form, and in the presence of MgCl2 can form a tertiary structure known as the 
native or folded form.  The two structures, which differ by their amount of flexibility and 
tertiary structure, may provide an indication of how the flash-quench and Ru(tpy)(bpy)O2+ 
methods proceed.  Previously, our lab has detected binding of small molecules, such as 
yohimbine and promazine, to IRE through various footprinting techniques.27, 58  We also 
explored a more streamlined, less flexible, altered piece of IRE (MIRE) where the U6 and C8 
bulges of IRE were deleted to further investigate the flash-quench and Ru(tpy)(bpy)O2+ 
methods.   
4.3.2 The IRE RNA Studies 
The Ru(bpy)32+ flash-quench method was applied to the IRE by photolyzing 
radiolabeled IRE in the presence of Ru(bpy)32+ and Co(NH3)5Cl2+ (Figure 4.4).  We used 
denaturing polyacrylamide gel electrophoresis (PAGE) to image the guanine oxidation and 
ImageQuant 5.2 software to quantitate the intensities of the cleavage.  In Figure 4.5A the 
PAGE gel shows oxidation occurring at guanine positions 0, 7, 16, 18, 22, 23, 26, and 27 
with greater cleavage occurring at guanines in bulge and loop regions of the RNA.  The 
quantitation of these intensities of cleavage is displayed in Figure 4.5C. 
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Figure 4.4.  The Ru(bpy)32+ flash-quench reaction of IRE RNA.  Lanes 1-6 are controls: 
Lane 1 = labeled RNA only, Lane 2 = folded RNA only, Lane 3 = no photolysis, Lane 4 = no 
aniline treatment, Lane 5 = folded RNA only treated with Ru(bpy)32+, Lane 6 = folded RNA 
only treated with Co(NH3)5Cl2+.  RNA ladders are labeled above the indicated lane. For 
Lanes 7-12, [Ru(bpy)32+] = 225, 325, 425 µM, [Co(NH3)5Cl2+] = 2250, 3250, 4250 µΜ in 
increasing increments as indicated by the triangles above the lanes and times of photolysis 
are indicated above each lane. 
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Figure 4.5.  The Ru(bpy)32+ flash-quench and Ru(tpy)(bpy)O2+ reactions of IRE RNA: (A) 
flash-quench reaction where [Ru(bpy)32+] = 225 µM, [Co(NH3)5Cl2+] = 2250 µΜ in Lanes 1-
3, (B) the Ru(tpy)(bpy)O2+ reaction where [Ru(tpy)(bpy)O2+] = 100 µM in Lanes 1-3,27 and 
(C) quantitation of (A) and (B), cleavage intensities are in arbitrary units normalized to the 
cleavage occurring at G0.  Statistically significant (P < 0.05) differences in intensity between 
the ruthenium complexes were found for G16.  Error bars represent the standard deviation.  
Each reaction was run in triplicate.  Ru(tpy)(bpy)O2+ is abbreviated RuO for the legend.  
 
IRE was further investigated using the Ru(tpy)(bpy)O2+ method where radiolabeled 
IRE is incubated with Ru(tpy)(bpy)O2+ to generate oxidized guanines.27, 28  The 
Ru(tpy)(bpy)O2+ method yields cleavage at guanine positions 0, 7, 16, 18, 22, 23, 26 and 27 
for IRE (Figure 4.5B).  Greater cleavage again occurs in the structural areas of loops and 
bulges, as shown in the gel in Figure 4.5B and the quantitation in Figure 4.5C. 
Comparing the flash-quench and Ru(tpy)(bpy)O2+ methods shows similar guanine 
cleavage for the two methods; however, when the intensity is quantitated and compared in 
Figure 4.5C, guanines at positions 7, 16, 18 and 22 exhibit greater cleavage intensities under 
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flash-quench conditions while guanines at positions 23, 26, and 27 exhibit greater intensities 
of cleavage with the Ru(tpy)(bpy)O2+ method.  The Ru(bpy)32+ oxidation shows a higher 
degree of selectivity for the preferred nucleotides compared to Ru(tpy)(bpy)O2+.  Since 
Ru(tpy)(bpy)O2+ does not have the short lifetime of Ru(bpy)33+, the RNA can “breathe”, or 
change its conformation, and oxidation of more sites can occur as they become solvent-
accessible.  Thus, Ru(tpy)(bpy)O2+ targets more nucleotide conformations within the RNA, 
thereby producing more cleavage of similar intensity, compared to the greater selectivity of 
Ru(bpy)33+.   
Previously, when the flash-quench reaction with Ru(bpy)33+ was compared to the 
Ru(tpy)(bpy)O2+ method for DNA oxidation, the differences in intensity were not seen, most 
likely due to the accessibility of the two DNA oxidation methods: 1′-oxidation of the sugar 
and direct base oxidation.7, 28  The combination of having both modes of oxidation causes an 
increase in the intensity of oxidation for the Ru(tpy)(bpy)O2+ to be similar to that of the 
flash-quench reaction (Chapter 3).7, 28 An additional increase in oxidation also occurred in 
one of the previously mentioned studies due to the presence of 7-deazaguanine in the DNA 
sequence, which allows both outer-sphere and inner-sphere oxidation by Ru(tpy)(bpy)O2+ to 
occur.7 
4.3.3 The tRNAPhe Studies 
To demonstrate the versatility of the flash-quench method for simple RNA structures 
as well as more complicated structures, we tested the secondary clover-leaf and the native 
tertiary structures of tRNAPhe.13, 46-48, 55-57  In Figures 4.6A and B, the Ru(bpy)32+ flash-
quench method depicts the oxidation of D16/17, G18-20, A21, m22G26, A35/36, A38, Ψ39, G43, A44, 
G45, m7G46, G51, G53, Ψ55, C56, G57, G65, A67, U69, and C70 in both conformations.  The 
  143
biggest difference between these flash-quench gels is that the semi-denatured form shows 
greater intensity than the highly folded form at most sites of oxidation, even though the 
intensities of oxidation are very similar between the semi-denatured and folded forms; this 
becomes apparent when quantitated in Figure 4.6C.  
 
 
Figure 4.6.  The Ru(bpy)32+ flash-quench reactions of tRNAPhe: (A) semi-denatured tRNAPhe 
with [Ru(bpy)32+] = 225 µM, [Co(NH3)5Cl2+] = 2250 µM in Lanes 1-3, (B) native folded 
form of tRNAPhe with [Ru(bpy)32+] = 225 µM, [Co(NH3)5Cl2+] = 2250 µM in Lanes 1-3, and 
(C) quantiation of both forms of tRNAPhe with the Ru(bpy)32+ flash-quench method.  The 
differences between the reactions for each nucleotide was not statistically significant for P < 
0.05.  Each reaction was run in triplicate.  Error bars represent the standard deviation.  
Cleavage intensities are in arbitrary units normalized to G43.  Semi-denatured tRNAPhe is 
abbreviated s-d, and the native folded form of tRNAPhe is abbreviated folded. 
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Our lab has previously investigated the two conformations of tRNAPhe using the 
Ru(tpy)(bpy)O2+ method where oxidation occurs at positions D16/17, G18-20, A21, m22G26, 
A35/36, A38, Ψ39, G43, A44, G45, m7G46, G51, G53, Ψ55, C56, G57, G65, A67, U69, and C70 (Figures 
4.7A, B, and C).13  Greater oxidation is seen in the semi-denatured form at m22G26, Ψ39, Ψ55, 
C56, G57, A67, U69, and C70.  Many of these sites of oxidation occur in the TΨC loop, which 
according to the X-ray crystal structure, are protected from oxidation in the folded form.13, 47, 
48, 55, 56  Our results are consistent with earlier studies showing that sites within the TΨC loop 
have increasing accessibility upon denaturation of tRNAPhe.13, 57 
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Figure 4.7.  Ru(tpy)(bpy)O2+ reactions of tRNAPhe: (A) semi-denatured tRNAPhe with 
[Ru(tpy)(bpy)O2+] = 100 µM, in Lanes 1-3, (B) native folded form of tRNAPhe with 
[Ru(tpy)(bpy)O2+] = 100 µM, in Lanes 1-3, and (C) chart depicting the quantiation of both 
forms of tRNAPhe with the Ru(tpy)(bpy)O2+ method.  Statistically significant (P < 0.05) 
differences in intensities were found for nucleotides G18-20, m22G26, A38, Ψ39, G45, m7G46, and 
Ψ55.  Each reaction was run in triplicate.  Error bars represent the standard deviation.  
Cleavage intensities are in arbitrary units normalized to G43.  Ru(tpy)(bpy)O2+ is abbreviated 
RuO, semi-denatured tRNAPhe is abbreviated s-d, and the native folded form of tRNAPhe is 
abbreviated folded. 
 
When we compare the flash-quench and Ru(tpy)(bpy)O2+ methods of the two 
conformations of tRNAPhe, differences in the two mechanisms become evident.  In the folded 
and semi-denatured forms (Figure 4.8), there is a greater increase in oxidation at most sites 
with the flash-quench mechanism upon denaturation.  In particular, at sites G18-20, A35/36, A38, 
G45, and G57, we see the greatest differences in oxidation between the flash-quench and 
Ru(tpy)(bpy)O2+ methods in both the folded and semi-denatured forms.  These sites are 
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nucleotides that are not base-paired in the folded form of tRNAPhe and are found within the 
D, anticodon, variable, and TΨC loops.56  These results also support our interpretation from 
the IRE study that the flash-quench method is oxidizing the RNA in a faster reaction where 
only a limited population of highly labile, solvent accessible regions of RNA are oxidized 
due to the limited lifetime of Ru(bpy)33+, while the Ru(tpy)(bpy)O2+ method oxidizes the 
RNA in a slower reaction allowing a visualization of nucleotides as the RNA changes its 
conformation, but still targeting labile, solvent accessible sites with greater frequency. 
 
Figure 4.8.  Quantiation of both forms of tRNAPhe with the Ru(bpy)32+ flash-quench and 
Ru(tpy)(bpy)O2+ methods.  Statistically significant (P < 0.05) differences between the 
Ru(bpy)32+ and Ru(tpy)(bpy)O2+ treated semi-denatured tRNAPhe were found for G18-20, A21, 
A35/36, A38, G45, m7G46, C56, and G57.  For folded tRNAPhe statistically significant (P < 0.05) 
differences between the flash-quench and Ru(tpy)(bpy)O2+ methods were found for G18-20, 
m22G26, A35/36, A38, G45, m7G46, C56, G57, and C70.  All reactions were run in triplicate.  Error 
bars represent the standard deviation.  Cleavage intensities are in arbitrary units normalized 
to G43.  The Ru(tpy)(bpy)O2+ method is abbreviated RuO, semi-denatured tRNAPhe is 
abbreviated s-d, and the native folded form of tRNAPhe is abbreviated folded. 
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4.3.4 The MIRE RNA Studies 
To further confirm the results we obtained with tRNAPhe, we studied a RNA with less 
diverse structural properties.  A more streamlined RNA, MIRE, was obtained by deleting the 
uridine and cytosine of the IRE at positions 6 and 8, respectively.  These deletions cause a 
uridine at position 3 to bulge out of the stem of the RNA and become more prone to 
oxidation, as indicated by Mfold43, 44 and RNAstructure 4.245 programs.  When the strand 
was oxidized by the Ru(bpy)32+ flash-quench method, cleavage occurred at the uridine in 
position 3 and at guanines in positions 14 and 16, as seen in Figure 4.9A and quantified in 
Figure 4.9C.  Similarly, in Figure 4.9B, we see oxidation with the Ru(tpy)(bpy)O2+ method 
at the uridine in position 3, and the guanines in positions 14 and 16.  This is very similar to 
the results obtained from the flash-quench method, but upon comparison, the flash-quench 
method with Ru(bpy)32+ shows greater cleavage intensity at all positions, further supporting 
our hypothesis that similar sites will be targeted by Ru(bpy)33+ and Ru(tpy)(bpy)O2+, but due 
to the shorter lifetime of Ru(bpy)33+, fewer sites will be targeted, causing higher oxidation at 
those that are in the correct orientations. 
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Figure 4.9.  The Ru(bpy)32+ flash-quench and Ru(tpy)(bpy)O2+ reactions of MIRE RNA: (A) 
flash-quench reaction where [Ru(bpy)32+] = 225 µM, [Co(NH3)5Cl2+] = 2250 µΜ in Lanes 1-
3, (B) the Ru(tpy)(bpy)O2+ reaction where [Ru(tpy)(bpy)O2+] = 100 µM in Lanes 1-3,27 and 
(C) quantitation chart comparing (A) and (B), cleavage intensities are in arbitrary units 
normalized to the cleavage occurring at G0.  Statistically significant (P < 0.05) differences 
were found for nucleotides U3, G6, G14 and G16 between the Ru(bpy)32+ and Ru(tpy)(bpy)O2+ 
methods.  Each reaction was run in triplicate.  Error bars represent standard deviation.  The 
Ru(tpy)(bpy)O2+ method is abbreviated RuO for the legend. 
 
4.3.5 The IRE RNA Bound to Yohimbine Studies 
Previously, we examined the binding of small molecules for applications in RNA 
therapeutics.27  We found that the small molecules yohimbine and promazine bind to IRE and 
increase the translational efficiency of ferritin.27, 58  Yohimbine’s binding site was predicted 
by incubating radiolabeled IRE with increasing amounts of the small molecule followed by 
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incubation with Ru(tpy)(bpy)O2+.27  The resulting gel showed decreases in cleavage intensity 
at the guanine positions that were bound to yohimbine (Figure 4.10B).  We decided to use 
this experiment not only for the purpose of further examination of the differences between 
the Ru(tpy)(bpy)O2+ and the Ru(bpy)32+ flash-quench methods but also to see if the flash-
quench method with Ru(bpy)32+ could be used as an effective chemical footprinting method 
for RNA.  When the IRE with yohimbine was oxidized with the flash-quench method, 
oxidation occurred at guanine positions 0, 7, 16, 18, 22, 23, 26 and 27 (Figure 4.10A), as 
with IRE without yohimbine (Figures 4.5A, B and C).  However, we do not see a decrease 
in the intensity of any of the bands with an increasing concentration of yohimbine.  
Quantitation of these results is shown in Figure 4.10C.  Using the Ru(tpy)(bpy)O2+ method, 
we again see oxidation at guanine positions 0, 7, 16, 18, 22, 23, 26, and 27, but a noticeable 
decrease in intensity at guanine positions 16, 18, 22, 23, and 27 is also present (Figure 
4.10A, Lanes 1-5) and quantitated in Figures 4.10B and C.  Oxidation at sites 23 and 27 was 
reduced by over 50%, and oxidation at site 16 decreased by about 9% with yohimbine 
binding.27 
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Figure 4.10.  The Ru(bpy)32+ flash-quench and Ru(tpy)(bpy)O2+ reactions of yohimbine 
bound to IRE RNA: (A) flash-quench oxidation where [Ru(bpy)32+] = 225 µM, 
[Co(NH3)5Cl2+] = 2250 µΜ in Lanes 1-5, [yohimbine] = 0 µM in Lane 1, 1 µM in Lane 2, 5 
µM in Lane 3, 10 µM in Lane 4, 20 µM in Lane 5, (B) Ru(tpy)(bpy)O2+ oxidation where 
[Ru(tpy)(bpy)O2+] = 100 µM in Lanes 1-5, [yohimbine] = 0 µM in Lane 1, 1 µM in Lane 2, 5 
µM in Lane 3, 10 µM in Lane 4, 20 µM in Lane 5,27 and (C) quantitation of (A) and (B) 
where cleavage intensities are in arbitrary units normalized to the cleavage occurring at G0.  
Each reaction was run in triplicate and error bars represent the standard deviation.  The 
Ru(tpy)(bpy)O2+ method is abbreviated to RuO for the legend.   
 
 
Visualization of the interaction of the RNA with yohimbine using the Ru(bpy)32+/3+ 
flash-quench methodology showed no difference between the RNA in the presence or 
absence of yohimbine (Figures 4.10A and C) while Ru(bpy)(tpy)O2+ was able to footprint 
yohimbine binding to the IRE.  This indicates that the way a transition metal oxidant binds to 
the RNA and the resulting predominant method of electron transfer correlate with its ability 
to footprint.  The Ru(bpy)33+ complex can only bind electrostatically to RNA9, 11, 17; thus 
outer-sphere electron transfer can only occur via electron tunneling that does not require 
intimate contact between guanine and the metal complex.59, 60  This outer-sphere electron 
transfer allows nucleotides to be oxidized in regions where yohimbine is bound.  The 
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Ru(tpy)(bpy)O2+ covalently bonds to RNA and oxidizes RNA through inner-sphere electron 
transfer.8, 13, 14, 27, 30, 32  RNA oxidation can, therefore, be inhibited by the binding of 
yohimbine or another small molecule nearby.  A possible alternative explanation for these 
observations could be Ru(bpy)32+ interfering with yohimbine binding to the RNA.  However, 
yohimbine was incubated with RNA before any metal complexes were added, giving ample 
time for yohimbine to bind to the RNA without interference from the metal complexes.  
4.3.6 Isotope Effect Studies  
The isotope effect of IRE oxidation was studied with the Ru(bpy)32+ flash-quench and 
Ru(tpy)(bpy)O2+ mechanisms.  A normal isotope effect occurs when, in this case, a greater 
intensity of oxidation occurs in the H2O reactions in comparison with the deuterated-H2O 
samples.  This reflects the importance of proton transfer to occur to allow the irreversible 
oxidation of guanine in contrast to the deuterated samples where the heavier mass of the 
deuterium and the lower zero-point energy of the OD vibration make it harder for proton 
transfer to occur.61-64  The natural variance of the isotope effect found within a 
polynucleotide shows the solvent accessibility of the individual nucleotide, thus a more 
solvent accessible nucleotide should have a normal isotope effect.28  These fluctuations in 
isotope effect were previously found using rabbit IRE DNA and RNA with primer extension 
analysis.28  Here we have verified those results with direct labeling of human IRE RNA.   
In Figures 4.11A, B, C, and D normal isotope effects occurred at the guanines in the 
bulge and loop regions at positions 0, 16, and 18 for both the Ru(bpy)32+ flash-quench and 
Ru(tpy)(bpy)O2+ methods, most likely due to the importance of proton transfer due to the 
nucleotides accessibility.  At guanine positions 7, 26, and 27, an inverse isotope effect was 
found for the flash-quench samples and at guanine positions 22 and 23 an inverse isotope 
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effect was observed for Ru(tpy)(bpy)O2+ samples; however, the inverse isotope effects seen 
for guanine at position 23 for Ru(tpy)(bpy)O2+ and for guanine at position 27 for flash-
quench are within error and negligible.  The increased number of inverse isotope effect sites 
with the flash-quench reaction may again verify that the limited lifetime of the Ru(bpy)33+ 
complex hinders its ability to oxidize nucleotides in contrast to the Ru(tpy)(bpy)O2+ method.  
 
Figure 4.11.  Isotope effect on the Ru(bpy)32+ flash-quench and Ru(tpy)(bpy)O2+ reactions of 
IRE RNA: (A) flash-quench reaction where Lanes 1-3 are the flash-quench reactions in H2O 
with [Ru(bpy)32+] = 225 µM, [Co(NH3)5Cl2+] = 2250 µΜ.  Lanes 4-6 contain the deuterated 
samples with [Ru(bpy)32+] = 225 µM, [Co(NH3)5Cl2+] = 2250 µΜ, (B) the Ru(tpy)(bpy)O2+ 
reaction where [Ru(tpy)(bpy)O2+] = 100 µM in Lanes 1-3 for the Ru(tpy)(bpy)O2+ reactions 
in H2O and in Lanes 4-6 for the deuterated samples,27 and (C) the quantitation of flash-
quench gel in (A), and (D) quantitation of Ru(tpy)(bpy)O2+ gel in (B).   For the quantiations 
in (C) and (D), cleavage intensities are in arbitrary units normalized to the total population of 
cleavage found in each individual lane.  No statistical significance (P < 0.05) was found in 
intensities between the Ru(bpy)32+ and Ru(tpy)(bpy)O2+ reactions or between the reactions 
run in H2O and D2O.  All reactions were run in triplicate and error bars represent the standard 
deviation.  The Ru(tpy)(bpy)O2+ method is abbreviated RuO for the legend. 
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4.4 Conclusions 
In this work, we have demonstrated that the flash-quench method with Ru(bpy)32+ can 
be used for RNA just as with DNA and proteins.  In these experiments with three structurally 
different pieces of RNA, we found similar nucleotides were oxidized for the Ru(bpy)32+ 
flash-quench and Ru(tpy)(bpy)O2+ methods.  The more labile nucleotides of an RNA 
sequence have a greater propensity to be oxidized than less labile bases in both the 
Ru(bpy)32+ flash-quench and Ru(tpy)(bpy)O2+ methods.  The flash-quench mechanism with 
Ru(bpy)32+ usually yields greater oxidation especially at highly labile, solvent accessible 
nucleotides similar to results obtained with DNA (Chapter 3);49, 50 however, its ability to 
oxidize nucleotides is limited by the lifetime of Ru(bpy)33+.  In contrast, the Ru(tpy)(bpy)O2+ 
complex has greater accessibility to nucleotides throughout an RNA sequence due to its 
longer lifetime, allowing the visualization of a larger population of RNA structural forms.  
However, Ru(tpy)(bpy)O2+ is limited by its size, shape, and charge, allowing the 
Ru(tpy)(bpy)O2+ method to pinpoint regions where the flexibility of the oligoribonucleotide 
has been compromised due to small molecule binding and therefore serve to footprint its 
position.  It is evident that both methods can give structural information about RNA and 
together show highly labile, solvent accessible sites and changes in RNA conformations.  
These results can be explained at the nanosecond time scale in which the flash-
quench oxidation occurs, only allowing nucleotides in the correct conformations during that 
time to be oxidized and causing the targeting of highly labile, solvent-accessible nucleotides 
at a great frequency.7, 28  In this process Ru(bpy)33+ oxidizes guanines via an outer-sphere, so 
oxidation may occur over longer distances due to electron tunneling, however, due to this 
mechanism of oxidation Ru(bpy)33+ is unable to detect and footprint the binding of small 
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molecules that can protect guanine nucleotides from intimate contact with the metal complex.  
The Ru(tpy)(bpy)O2+ complex targets solvent-accessible sites prone to cation binding via an 
inner-sphere reaction with guanine due to its size, shape, and charge on a > 1h time scale, 
causing these sites to be targeted with greater frequency and allowing direct electron transfer 
that detects and footprints small molecules bound to RNA.   
 
4.5 Future Directions 
  Although we have determined that we can visualize flexible regions of RNA in 
solution with the use of transition metal complexes, this study can be further validated 
through the use of SHAPE (Selective 2'-Hydroxyl Acylation analyzed by Primer Extension) 
technology created by Dr. Kevin M. Weeks of the University of North Carolina at Chapel 
Hill.  The Weeks’ lab has previously studied tRNAAsp 65-67 which is similar in structure to 
tRNAPhe, however, due to differences in sequence between the tRNAs, particularly in the 
loop regions, the tertiary structures of the two tRNAs are different thus making a direct 
comparison of the two studies impossible at this time.  A quick survey of flexible regions 
between the two tRNAs do yield similar results, for example, the anticodon loop is the 
defined as the most flexible region with both techniques.  Therefore, we expect that when a 
direct comparison between SHAPE technology and our transition metal complexes is done, 
both methods will yield the same results. 
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 Chapter 5 
Investigating the Electron-Transfer Reactions of RNA with Ru(bpz)32+ and 
Ru(bpy)2(dppz)2+ 
 
5.1 Introduction 
5.1.1 The Electron-Transfer Chemistry of RNA with Ruthenium Complexes 
Recently, we began studying the electron-transfer chemistry of RNA,1-6 which has not 
been studied comprehensively.  In Chapter 4, the flash-quench mechanism with Ru(bpy)32+ 
(bpy = 2,2′-bipyridine) was shown to oxidize RNA in labile regions and is not a good 
footprinting agent. The Ru(tpy)(bpy)O2+ (tpy = 2,2′,2′′-terpyridine; bpy = 2,2′-bipyridine) 
complex targets labile regions with more oxidation, but is still able to oxidize nucleotides 
throughout the RNA; and is, therefore, a good footprinting agent.  Differences in how these 
ruthenium complexes oxidize RNA are attributed to their mechanisms of oxidation, electron 
transfer, and the lifetimes of their excited states (Chapter 4).1, 2, 5, 6  Here, we extend our 
studies on RNA oxidation with ruthenium complexes by looking at Ru(bpz)32+ (bpz = 2,2′-
bipyrazyl) and Ru(bpy)2(dppz)2+ (Figure 5.1A and B, bpy = 2,2′-bipyradine, dppz = dipyrido 
[3,2-a:2′,3′-c] phenazine) interactions with three different structures of RNA: IRE RNA, 
MIRE RNA and tRNAPhe as seen in Figure 5.2.  We also will look at the isotope effects of 
these complexes and their possible footprinting capabilities. 
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Figure 5.1. Structure of: (A) Ru(bpz)32+ and (B) Ru(bpy)2(dppz)2+. 
 
Figure 5.2.  Structures of RNA as predicted by Mfold7, 8 and RNAstructure 4.29: (A) human 
ferritin iron responsive element (IRE), with a calculated energy (∆G°) of -17.70 kcal/mol, (B) 
mutated human ferritin iron responsive element (MIRE), ∆G° = -25.30 kcal/mol, and (C) 
structure of tRNAPhe, as determined by x-ray crystallography.10, 11 
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5.1.1.1 The Ru(bpz)32+ Complex 
 The Ru(bpz)32+ (Figure 5.1A, bpz = 2,2′-bipyrazyl) and Ru(bpy)32+ (bpy = 2,2′-
bipyradine) complexes have received attention for their possible application in solar energy 
conversion.12, 13  In comparison with Ru(bpy)32+, Ru(bpz)32+ is a stronger oxidant, but a 
poorer reductant,14  and has a longer excited state lifetime of a few hundred microseconds.13   
The Ru(bpz)32+ complex electrostatically binds to DNA with a binding constant of 
approximately 104 M-1.15-18  The studies of both complexes have extended to possible nucleic 
acid probes and therapeutic agents.  The Ru(bpy)32+ complex oxidizes nucleic acids via the 
flash-quench mechanism as seen in Chapters 2, 3 and 4,5 while Ru(bpz)32+ was found to 
oxidize DNA via a more direct route (Scheme 5.1) and shows greater oxidation intensity at 
single-stranded DNA and 5′-guanines depending on its adjacent 3′-nucleotide’s environment 
and nucleic acid.15-19  Guanine oxidation is targeted by both ruthenium complexes since it has 
the lowest oxidation potential of all the natural nucleic acid bases20 and guanine’s oxidation 
potential is also affected by the environment and adjacent nucleotides in the sequence.21  
Guanine’s oxidation potential lowers when it is in more flexible regions such as in loops and 
bulges, where nucleotides are not base-paired (Chapters 3 and 4) and has a sequence 
specificity (in order of reactivity with the principle cleavage site underlined) of  5′-GGGG-3′ 
> 5′-GGG-3′ > 5′-GG-3′ >  5′-GA-3′ > 5′-GT-3′ ≈ 5′-GC-3′.21  According to the data obtained 
here and in Chapter 3, 5′-guanine oxidation is affected by the adjacent 3′-nucleotides 
location in relation to the labile regions of the oligonucleotide.  Here, we show that 
Ru(bpz)32+, much like Ru(bpy)32+ in the flash-quench mechanism, oxidizes RNA similar to 
DNA and may potentially serve as a footprinting agent. 
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Scheme 5.1. Ru(bpz)32+ oxidation mechanism13, 15, 18, 21, 22 
 
 
          
5.1.1.2 The Ru(bpy)2(dppz)2+ Complex 
The Ru(bpy)2(dppz)2+ (bpy = 2,2′-bipyradine, dppz = dipyrido [3,2-a:2′,3′-c] 
phenazine) complex (Figure 5.1B) was originally developed by the Barton lab as a 
nonradioactive probe for DNA.23-26  This ruthenium complex was termed a light-switch, 
because when Ru(bpy)2(dppz)2+ is in solution with no DNA no photoluminescence occurs, 
however, when Ru(bpy)2(dppz)2+ is put into solution with DNA, the dipyrido-phenazine 
(dppz) ligand intercalates into the double-helical structure of DNA with a binding constant 
greater than 106 M-1 and very strong photoluminescence occurs.27  The photoluminescence is 
so strong that unlike ethidium bromide has virtually no background and can be visualized 
without destaining.24    
 As Ru(bpy)2(dppz)2+ was being studied as a nonradioactive probe of DNA, it was also 
found that it binds to DNA in more than one way.23-26  The Ru(bpy)2(dppz)2+ complex binds 
to DNA two ways through intercalation; one way is defined as perpendicular where the dppz 
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ligand intercalates from the major groove so that the metal-phenazine axis lies along the dyad 
axis of the DNA, the second way is defined as the side-on mode where the dppz intercalates 
so the metal-phenazine axis lies more closely to the long axis of the nucleotides (Figure 
5.3).24, 25  When the Ru(bpy)2(dppz)2+ does not intercalate into the DNA or RNA it binds 
electrostatically.  In our study, we look at the oxidation of Ru(bpy)2(dppz)2+ with RNA, 
where the major groove binder, Ru(bpy)2(dppz)2+, cannot intercalate due to the structure of 
the major groove of RNA.28-30 
  
 
Figure 5.3.  The two binding modes of the intercalation of Ru(bpy)2(dppz)2+ with DNA:  (A)  
the side-on model and (B) the perpendicular model.  The bold lines represent the dppz ligand 
of Ru(bpy)2(dppz)2+ and the models are shown along the DNA axis with the major groove to 
the left.  Taken from reference 25.25 
 
  
Although the oxidation of DNA and RNA has not been studied with 
Ru(bpy)2(dppz)2+, we hypothesize that with quencher the oxidation of DNA with 
Ru(bpy)2(dppz)2+ undergoes oxidation via the flash-quench mechanism (Scheme 5.2).31, 32  
The results do show similarities to the Ru(bpy)32+ flash-quench oxidation and targets solvent-
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accessible, labile sites of the DNA (Chapter 3).  Without quencher, we hypothesize that 
oxidation of DNA occurs through direct oxidation.  Similar results should also be seen in 
RNA oxidation. 
 
Scheme 5.2.  Flash-quench mechanism (A) and chemical structure for Co(NH3)5Cl2+ (B).31, 32 
 
5.2 Experimental 
5.2.1 Equipment and Materials 
Plasmid purification kits were purchased from Qiagen. XL-10 Ultracompetent cells 
were purchased from Stratagen.  The DraI, T4 RNA ligase, and T4 RNA ligase buffer were 
purchased from New England Biolabs.  Proteinase K (20 mg/ml), phenol/chloroform, acid 
phenol/chloroform, linear acrylamide, GlycoBlue, Superase-In RNase inhibitor (20 U/µl), 
MEGAshortscript T7 Kit, RNase A (1 µg/ml), RNase T1 (1 U/µl), alkaline hydrolysis buffer, 
10% SDS, 10 x phosphate buffered saline (PBS) buffer and high concentration T7 RNA 
Polymerase Plus (200 U/µl) were obtained from Applied Biosystems.  QuikChange II XL 
Site-Directed Mutagenesis kit and XL10-Gold ultracompetent cells were purchased from 
BA 
Co(NH3)5Cl2+ 
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Stratagene.  Reliant FastLane Pre-cast agarose gel systems were purchased from Lonza.  
Mini Quick Spin RNA spin columns were purchased from Roche.  [5′-32P]pCp (0.01 mCi/µl) 
was obtained from Perkin Elmer.  Ultrafree-MC centrifugal filter devices were purchased 
from Millipore.  Polyspring glass inserts were purchased from National Scientific.  Synthetic 
oligonucleotides were purchased from the University of North Carolina at Chapel Hill 
Lineburger Comprehensive Cancer Center Nucleic Acids Core Facility.  All aqueous 
solutions were prepared with DEPC-H2O obtained from Invitrogen.  Trizma base was also 
purchased from Invitrogen.  DNA was stored in 1 X tris(hydroxymethyl)aminomethane 
(Tris) and ethylenediamine tetraacetic acid (EDTA) (TE) buffer.  RNA and labeled RNA 
were stored in DEPC-H2O.  Sodium chloride, dibasic sodium phosphate, monobasic sodium 
phosphate, sodium acetate, aniline, pentaamminechlorocobalt(III) chloride 
([Co(NH3)5Cl]Cl2), ethylenediamine tetraacetic acid (EDTA), formamide, xylene cyanol, and 
bromophenol blue were all purchased from Sigma-Aldrich, A.C.S grade, and used as 
received.  All other chemicals used were molecular biology grade.  All concentrations were 
determined from a Cary 300 Bio UV-Visible Spectrophotometer using the following molar 
absorptivities (ε): for [Ru(bpz)3]Cl2, λmax at 443 nm and ε = 15000 M-1cm-1 and 
[Ru(bpy)2(dppz)](PF6)2, λmax at 445 nm and ε = 16300 M-1cm-1.  Photolysis was done on a 
68810 Arc Lamp supply with a 350 W Hg lamp and 368 or 138 nm cutoff filter from 
Newport Oriel Instruments.  The MIRE plasmid was made by Dr. Julie M. Sullivan of the 
University of North Carolina at Chapel Hill, [Ru(bpy)2(dppz)](PF6)2 was synthesized by Dr. 
Dominic O. Hull of the University of North Carolina at Chapel Hill, and the pCRII-TOPO 
vector containing the full-length ferritin mRNA sequence (human H-chain; 5′ UTR is 268 
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bases and contains the IRE) was a gift from Dr. Elizabeth Theil of the Childrens Hospital 
Oakland Research Institute. 
5.2.2 Methods 
5.2.2.1 Transcription of IRE RNA 
The plasmid containing the T7 promoter sequence 5′ to the human ferritin IRE 
sequence was constructed in our lab.  A stock of XL10-Gold ultracompetent cells carrying 
the plasmid with the IRE sequence was streaked on LB/Kan agar plate.  A single colony was 
picked and grown overnight in LB/Kan media (37°C, with shaking at 250 rpm).  The 
plasmids were then isolated and purified using a Qiagen Plasmid Maxi Kit according to 
protocol, final concentrations were determined by absorbance at 260 and 280 nm.  The 
plasmid was digested with DraI (100 µl; in 1xNEB buffer #4, 20 µg of IRE plasmid, 200 U 
DraI) for 2 h at 37°C and treated with 0.5% SDS and proteinase K (10 µg) for 2 h at 50°C 
and purified with phenol/chloroform extraction followed by ethanol precipitation.  DNA 
digestion was verified on a 1% Reliant FastLane Pre-cast agarose gel system.  The 
subsequent DNA was used as a template for T7 RNA polymerase-mediated transcription 
using the MEGAshortscript T7 kit according to protocol with the addition of 200 U T7 RNA 
Polymerase Plus to increase yields and 20 U Superase-In to inhibit RNase degradation.  RNA 
was purified using a mini Quick Spin RNA column according to protocol followed by acid 
phenol/chloroform extraction and ethanol precipitation.   RNA transcription was verified on a 
15% denaturing (8 M urea) gel, and concentration was determined by absorbance at 260 and 
280 nm.  The IRE RNA used was a 50-base oligonucleotide containing the sequence, 5′-
GGA AAG UCG GGG UUU CCU GCU UCA ACA GUG CUU GGA CGG AAC CCG 
GCU UU-3′. 
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5.2.2.2 Transcription of MIRE RNA 
The plasmid containing the T7 promoter sequence 5′ to the human ferritin IRE 
sequence was previously constructed in our lab.  This DNA was then altered at the U6 and C8 
sites using site-directed mutagenesis from pCRII-TOPO vector, subcloned into pBluescript 
IISK (+) and used as a template for T7 RNA polymerase-mediated transcription by Dr. Julie 
M. Sullivan.  The DNA nucleotides correlating to U6 and C8 in the final RNA sequence were 
removed to create a more streamlined, less flexible hairpin loop structure.  The subsequent 
plasmid was transformed into XL10-Gold ultracompetent cells and grown on a LB/Kan agar 
plate.  The same protocol for creating IRE DNA and RNA as mentioned previously (Section 
5.2.2.1) was then used to create MIRE DNA and RNA.  The final MIRE RNA used was a 48-
base oligonucleotide containing the sequence, 5′-GGA AAG UCG GGG UUU CCG UUC 
AAC AGU GCU UGG ACG GAA CCC GGC UUU-3′.   
5.2.2.3 3′ RNA End-labeling 
 RNA (30 µg) was 3′ end-labeled with 50-80 µCi of [5′-32P]pCp using 60 U T4 RNA 
ligase overnight at 4°C and then purified through a mini Quick Spin RNA column and on a 
small 10% (7 M urea) polyacrylamide gel.  RNA bands were visualized by autoradiography 
and excised from the gel.  Gel slices were crushed and soaked in elution buffer (0.5 M 
NH4OAc, 1 mM EDTA, 0.1% SDS) with 20 U Superase-In RNase inhibitor in Ultrafree-MC 
filters overnight at 37°C.  Samples were spun down at 4,000 x g and ethanol precipitated 
with linear acrylamide (2.5 µg).  Final concentrations were determined by absorbance at 260 
and 280 nm. 
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5.2.2.4 Purification of tRNAPhe 
Yeast tRNAPhe was obtained from Sigma and dissolved in 0.3 M sodium acetate, 10 
mM Tris-HCl (pH 7.4), 10 mM EDTA, and 0.5% SDS.  The tRNAPhe was then purified by 
several phenol-chloroform extractions and recovered by ethanol precipitation.33  RNA was 
3′-end-labeled using T4 RNA ligase and [5′-32P]pCp following protocol mentioned 
previously  
5.2.2.5 Ru(bpz)32+ Procedure 
Ruthenium (II) tris(bipyrazyl) ([Ru(bpz)3]Cl2) was synthesized according to 
published procedures and characterized by NMR spectrometery.34-38  The concentration of 
Ru(bpz)32+ was determined by the absorbance at 443 nm (ε = 15000 M-1cm-1).  Metals were 
dissolved either in sodium phosphate buffer (pH 7) or in tris(hydroxymethyl)aminomethane 
(Tris) buffer (pH 7).  For IRE and MIRE RNA, the unlabeled RNA (0.25 µM) and the 32P-
pCp 3′ end-labeled RNA (0.875 µM) were folded at 95°C for 5 min and slowly cooled to 
room temperature.   For tRNAPhe, unlabeled tRNAPhe (0.25 µM) and 32P-pCp 3′ end-labeled 
tRNAPhe (0.875 µM) were placed in 10 mM sodium phosphate (pH 7.0) and 10 mM MgCl2.  
The Mg2+ is necessary for tRNA to fold into its native structure.  The tRNAPhe was folded 
into its native form by heating the mixture at 50°C for 8 min and slowly cooling to room 
temperature.  Semidenatured tRNAPhe was prepared by heating unlabeled tRNAPhe and 
labeled tRNAPhe in 10 mM sodium phosphate (pH 7.0) at 50°C for 8 min with immediate 
cooling on ice.  All folded and semi-denatured RNA was then placed into glass polyspring 
inserts.  When yohimbine HCl was added, folded RNA and yohimbine HCl were incubated at 
room temperature for 15 min prior to metal additions. The Ru(bpz)32+ (200-300 µM) was 
added to the folded and semidenatured RNA and kept in the dark to prevent exposure before 
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photolysis.  Photolysis occurred in the presence of a 350 W Hg lamp with a 138 nm cutoff 
filter and water filter for 30 min.  The reaction was quenched with 60 µl of 95% ethanol 
causing irreversible oxidative lesions and ethanol precipitated with 6 µl 3 M sodium acetate 
pH 5.2, 1 µl linear acrylamide, and 1 µl glycoblue.  The samples were treated with 1 M 
aniline (20 µl at pH 4.5) in the dark for 20 min at 60°C.  The samples were then frozen, 
lyophilized to remove the aniline and washed with water and lyophilized.  Samples were 
resuspended in xylene cyanol/bromophenol blue in 80% formamide, oxidation was 
visualized on a 20% (7 M urea) denaturing polyacrylamide gel and analyzed and quantified 
using a Storm 860 phosphorimager and ImageQuant 5.2 software, respectively, after 
overnight exposure to a phosphorimaging screen.  Gels were run with RNA ladders were 
constructed using respective 3′ end-labeled RNA via enzymatic cleavage by RNase A, RNase 
T1 and alkaline hydrolysis from protocol and the following controls: labeled RNA with 
buffer, folded RNA with buffer, no photolysis treatment, no aniline treatment, folded RNA 
treated only with Co(NH3)5Cl2+, and folded RNA treated with Ru(bpz)32+ and Co(NH3)5Cl2+. 
5.2.2.6 Ru(bpy)2(dppz)2+  Procedure 
The bis (2,2′-bipyridyl) (dipyrido [3,2-a:2′,3′-c] phenazine) ruthenium(II) 
(hexafluorophosphate), [Ru(bpy)2(dppz)](PF6)2, was synthesized according to published 
procedures by Dr. Dominic O. Hull of the University of North Carolina at Chapel Hill.39, 40  
Both metals were dissolved either in sodium phosphate buffer (pH 7) or in 
tris(hydroxymethyl)aminomethane (Tris) buffer (pH 7).  The concentration of 
Ru(bpy)2(dppz)2+ was determined by the absorbance at 445 nm (ε = 16300 M-1cm-1).  All 
folded and semi-denatured RNA was then placed into glass polyspring inserts.  When 
yohimbine HCl was added, folded RNA and yohimbine HCl were incubated at room 
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temperature for 15 min prior to metal additions.  The Ru(bpy)2(dppz)2+ (700-1400 µM) and 
Co(NH3)5Cl2+ (1000-4000 µM) or just Ru(bpy)2(dppz)2+ (700-1400 µM) alone were added to 
the folded and semidenatured RNA and kept in the dark prior to photolysis.  Photolysis 
occurred in the presence of a 350 W Hg lamp with a 368 or 138 nm cutoff filter and water 
filter for varying exposure lengths.  The reaction was quenched with 95% ethanol, ethanol 
precipitated with sodium acetate, linear acrylamide, and glycoblue and then treated with 
aniline.  Samples were frozen, lyophilized to remove aniline and washed with water and 
lyophilized two more times.  Samples were resuspended in xylene cyanol/bromophenol blue 
in 80% formamide and oxidation was visualized on 20% (7 M urea) denaturing 
polyacrylamide gels, exposed to a phosphorimaging screen overnight, analyzed with a Storm 
860 phosphorimager and quantified using ImageQuant 5.2.  Gels were run with RNA ladders 
created by treatment of the respective RNA with RNase A, RNase T1 and alkaline hydrolysis 
and the following controls: labeled RNA only, folded RNA only, and no aniline treatment. 
5.2.2.7 Binding Yohimbine to IRE RNA 
Yohimbine hydrochloride was obtained from Sigma and dissolved in DEPC-treated 
water in concentrations ranging from 1-20 µM.  Yohimbine was added to folded IRE RNA 
prior to Ru(bpz)32+ and Ru(bpy)2(dppz)2+ reaction procedures and incubated for 15 min at 
room temperature in Tris buffer (50 mM, pH 7.4).  The yohimbine concentrations used were 
from 1-20 µM.  
5.2.2.8 Isotope Effects 
To demonstrate kinetic isotope effects, the flash-quench reaction was performed with 
RNA, chemical reagents and buffers prepared in D2O (99.9 atom % purchased from Sigma-
Aldrich) by dissolving them in D2O and adjusting the pD (pH + 0.4).  RNA was dissolved in 
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D2O, lyophilized and re-dissolved in D2O.  These reactions were compared to similar 
reactions prepared using MilliQ water. 
   
5.3 Results and Discussion   
5.3.1 The IRE RNA Studies 
The oxidation of IRE RNA with Ru(bpz)32+ is shown in Figure 5.4A and B, and the 
PAGE gel shows oxidation occurring at guanine positions 0, 7, 16, 18, 26, and 27 and very 
faint oxidation at 22 and 23.  Greater cleavage occurs at guanines in bulge and loop regions 
of the RNA, and we also see greater cleavage in the stem region at G26 which is a 5′-guanine 
in a 5′-GG-3′ series.  However, greater oxidation was not seen at the 5′-guanine at position 22 
which is also in a 5′-GG-3′ series, since the reactivity of the guanines depends upon the 3′ 
flanking base,16 which in this case is the guanine at position 23 that is involved in a G-U 
wobble base pair, suppressing oxidation at the 5′-guanine.  This 5′-guanine specificity and 
increased oxidation in single-stranded regions was also found when Ru(bpz)32+ was reacted 
with DNA as seen in Chapter 3 and by the Vicendo lab.15-18  The quantitation of the 
intensities of cleavage of IRE treated with Ru(bpz)32+ is shown in Figure 5.4B. 
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Figure 5.4.  (A) The IRE RNA oxidized with Ru(bpz)32+.  Lanes 1-4 are controls: Lane 1 = 
labeled RNA only, Lane 2 = folded RNA only, Lane 3 = no photolysis, and Lane 4 = no 
aniline treatment.  RNA ladders are labeled above the indicated lane.  The [Ru(bpz)32+] = 200 
µM for Lanes 5-7, 250 µM for Lanes 8-10, 300 µM for Lanes 11-13, photolysis occurred 
over 30 min.  (B) Quantitation of Ru(bpz)32+ cleavage of (A).  Cleavage intensities are in 
arbitrary units normalized to the cleavage occurring at G0.  Error bars represent the standard 
deviation.  The reaction was run in triplicate.   
  
The IRE RNA was also reacted with Ru(bpy)2(dppz)2+ as shown in Figure 5.5A and 
B.  The Ru(bpy)2(dppz)2+ complex is a well-known DNA intercalator;23-26, 41 however, small 
molecules that can intercalate into DNA cannot intercalate into RNA due to the narrower 
grooves of RNA and the discriminatory edges of the nucleobases present in the major groove 
that inhibit major groove binders to bind.28-30  Nevertheless, as evidenced by Figure 5.5A 
and B, oxidation of RNA still occurs, in a more complicated manner than any other 
ruthenium complex we have studied thus far.  Since Figure 5.5A shows oxidation occurring 
in the Ru(bpy)2(dppz)2+ only lane, further studies were required to ensure that we had 
optimized RNA oxidation.  We already determined that there was optimal light energy for 
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photolysis using the 138 nm light filter compared to the 368 nm filter (data not shown).  The 
electronic nature of the dppz ligand requires a broader range of wavelengths of light, 
provided by a 138 nm filter.  The 138 nm filter is optimal for dppz but not for the bpy ligand 
where the 368 nm filter is employed.40, 42  
 
   
Figure 5.5.  (A) The Ru(bpy)2(dppz)2+ reaction of IRE RNA in the presence of a quencher 
and 138 nm light filter.  Lanes 1-4 are controls: Lane 1 = labeled RNA only, Lane 2 = folded 
RNA only, Lane 3 = no photolysis, Lane 4 = no aniline treatment, Lane 5 = Ru(bpy)2(dppz)2+ 
only, and Lane 6 = Co(NH3)5Cl2+ only.  RNA ladders are labeled above the indicated lane.  
The [Ru(bpy)2(dppz)2+] =  700 µM in Lanes 5, 7-12, [Co(NH3)5Cl2+] = 1000 µM in Lanes 6-
12, and photolysis occurred over 30 min  (B) Quantitation of Ru(bpy)2(dppz)2+ cleavage of 
(A).  Cleavage intensities are in arbitrary units normalized to the cleavage occurring at G0.  
Error bars represent the standard deviation.  The reaction was run in triplicate.   
 
 As was mentioned previously oxidation occurred in the Ru(bpy)2(dppz)2+ only control 
lane in Figure 5.5A.  To better understand the oxidation of Ru(bpy)2(dppz)2+, and its 
dependence on Co(NH3)5Cl2+, a time-dependent study in the absence and presence of the 
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quencher, Co(NH3)5Cl2+, was carried out and is shown in Figure 5.6.  In Figure 5.6 lanes in 
which the RNA was reacted only with Ru(bpy)2(dppz)2+ and no quencher was present, too 
much oxidation occurred causing indistinct cleavage bands at the labeled guanines; very little 
un-oxidized RNA remained as indicated by the arrow.  The over oxidation may be due to the 
mechanism of reaction for Ru(bpy)2(dppz)2+.  Since Ru(bpy)2(dppz)2+ does not intercalate 
into RNA, we assumed that the bipyridine ligands would reacted similarly to Ru(bpy)32+ in 
the flash-quench mechanism as seen in Scheme 5.2 and Chapter 4.  This does appear to be 
true as we do get guanine oxidation in the presence of a quencher.  However, in the case 
when no quencher is present the excited state of the dppz ligand is not stabilized due to its 
inability to intercalate into RNA rendering it a very reactive species.  When the dppz ligand 
is intercalated into DNA, the intercalation was found to have a stabilizing effect on the dppz 
ligand’s excited state,24, 26 causing a longer-lived excited state for the dppz ligand but less 
reactive oxidation to DNA.24, 26, 40, 43 
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Figure 5.6.  The time-dependent study of the Ru(bpy)2(dppz)2+ reaction of IRE in the 
presence and absence of a quencher.  Lanes 1-4 are controls: Lane 1 = labeled RNA only, 
Lane 2 = folded RNA only, Lane 3 = no photolysis, Lane 4 = no aniline treatment.  RNA 
ladders are labeled above the indicated lane.  The [Ru(bpy)2(dppz)2+] =  700 µM in Lanes 5-
22, [Co(NH3)5Cl2+] = 1000 µM in Lanes 8-10, 14-16, and 20-22, time of photolysis was 30 
min, and incubation times of metal complexes with RNA before photolysis are indicated 
above each lane.  Black arrow indicates uncut RNA that was not oxidized in the reaction. 
 
Due to the over oxidation observed without quencher present leading to indistinct 
cleavage bands, we optimized and quantitated the Ru(bpy)2(dppz)2+ reaction with the 
quencher (Figure 5.5A and B) for the IRE RNA and for all RNAs discussed in this chapter.  
Since the quencher is present with Ru(bpy)2(dppz)2+ and no intercalation of the dppz ligand 
is occurring, the guanine oxidation is very similar to that of Ru(bpy)32+ in the flash-quench 
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mechanism and also the Ru(tpy)(bpy)O2+ oxidation, with guanine oxidation being the 
greatest in the solvent accessible, loop region as can be seen in Figure 5.5B.  However, 
Ru(bpy)2(dppz)2+ in most cases has less intensity of oxidation, this is most likely due to the 
shorter lifetime of 75 ns of the excited state of Ru(bpy)2(dppz)2+ when it is quenched,24 
compared to the longer excited lifetimes of Ru(bpy)32+ of 600 ns44 and Ru(tpy)(bpy)O2+ of > 
1h.34, 36, 45  Figure 5.7 also shows a comparison of IRE oxidation by all the ruthenium 
complexes studied. 
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Figure 5.7.  Compilation of the IRE RNA oxidiation by all ruthenium complexes studied: 
Ru(bpy)32+, Ru(tpy)(bpy)O2+, Ru(bpz)32+, and Ru(bpy)2(dppz)2+.  The Ru(bpy)32+ and 
Ru(tpy)(bpy)O2+ data are from Chapter 4.1, 5  Statistically significant (P < 0.05) differences 
between Ru(bpy)32+ and Ru(tpy)(bpy)O2+ in intensity were found for G16.  For Ru(bpz)32+ 
statistically significant differences were found between Ru(bpy)32+ and Ru(bpz)32+ at G18, 
between Ru(tpy)(bpy)O2+ and Ru(bpz)32+ at G7, G16, G18, and G26, and between 
Ru(bpy)2(dppz)2+ and Ru(bpz)32+ at G7, G18, and G26.  No statistically significant differences 
were found between Ru(bpy)32+ and Ru(bpy)2(dppz)2+ or between Ru(tpy)(bpy)O2+ and 
Ru(bpy)2(dppz)2+.  Cleavage intensities are in arbitrary units normalized to the cleavage 
occurring at G0.  Error bars represent the standard deviation.  Each reaction was run in 
triplicate.  The Ru(bpy)32+ complex was used for the flash-quench mechanism in Chapter 4 
and Ru(tpy)(bpy)O2+ is abbreviated RuO for the legend. 
 
 
5.3.2 The tRNAPhe Studies 
To see how Ru(bpz)32+ and Ru(bpy)2(dppz)2+ oxidize RNA in regards to flexibility 
and to different structural environments, we looked at the secondary clover-leaf and the 
native tertiary structures of tRNAPhe.3, 10, 11, 46-49  Figures 5.8A and B depict the Ru(bpz)32+ 
oxidation of D16/17, G18-20, A21, m22G26, A35/36, A38, Ψ39, G43, A44, G45, m7G46, G51, G53, Ψ55, 
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C56, G57, G65, A67, U69, and C70 in both conformations.  The nucleotides with the greatest 
oxidation in both conformations are D16/17, G18-20, A35/36, A38, A44, G45, m7G46, and G57 which 
are all in loop regions, where the nucleotides are not base-paired, and G65 which is a 5′ 
guanine in a 5′-GA-3′ series, further proving the Ru(bpz)32+ complex’s 5′-guanine oxidation 
and single-strand specificity.  There are very little differences between the semi-denatured 
and folded forms after Ru(bpz)32+ oxidation.  There is increased oxidation in the folded form 
at nucleotides A35/36 and A38, which are in the anticodon loop of the tRNAPhe and remain 
single-stranded in both the semi-denatured and folded forms (Figure 5.8C).3, 10, 11, 48, 49 
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Figure 5.8.  The Ru(bpz)32+ reaction of tRNAPhe: (A) semi-denatured tRNAPhe with 
[Ru(bpz)32+] =  250 µM, in Lanes 1-3, (B) native folded form of tRNAPhe with [Ru(bpz)32+] = 
250 µM, in Lanes 1-3, and (C) quantiation of both forms of tRNAPhe with Ru(bpz)32+.  Time 
of photolysis was 30 min for both forms of tRNAPhe.  Cleavage intensities are in arbitrary 
units normalized to G43.  Semi-denatured tRNAPhe is abbreviated s-d, and the native folded 
form of tRNAPhe is abbreviated folded.  Statistically significant (P < 0.05) differences in 
intensities between the semi-denatured and folded tRNAPhe were found for nucleotides A35/36 
and A38.  Each reaction was run in triplicate.  Error bars represent the standard deviation.   
 
Previously, the Barton lab studied binding of tRNAPhe with Ru(bpy)2(dppz)2+ and 
found that the dppz complex could bind at tertiary sites on folded tRNAPhe;24 however, they 
did not look at the oxidation caused by Ru(bpy)2(dppz)2+.  Here, we investigated the 
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oxidation of both conformations of tRNAPhe with Ru(bpy)2(dppz)2+.  Oxidation occurs at 
positions D16/17, G18-20, A21, m22G26, A35/36, A38, Ψ39, G43, A44, G45, m7G46, G51, G53, Ψ55, C56, 
G57, G65, A67, U69, and C70 (Figures 5.9A, B, and C).  Increased oxidation occurs in both 
tRNAPhe conformations for the loop regions D16/17, A38, G45, m7G46, G57 and m22G26 that is 
not base-paired and G65 which is a 5′-guanine of a 5′-GA-3′ series.  Although, there are very 
few differences in oxidation intensity between the semi-denatured and folded tRNAPhe, 
greater oxidation is seen in the folded form at G18-20 which is in the D-loop and a nucleotide 
of a wobble base-pair, U69, neither of which are involved in tertiary interactions that would 
protect the nucleotides from oxidation, or where the Barton group found the 
Ru(bpy)2(dppz)2+ complex binds to tRNAPhe.3, 10, 11, 24, 48, 49  However, the higher oxidation 
intensities found for folded tRNAPhe may indicate the Ru(bpy)2(dppz)2+ complex is closer in 
proximity to the RNA or bound to the tRNAPhe.   
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Figure 5.9.  Ru(bpy)2(dppz)2+ reactions of tRNAPhe: (A) semi-denatured tRNAPhe with 
[Ru(bpy)2(dppz)2+] = 700 µM, in Lanes 1-3, [Co(NH3)5Cl2+] = 1000 µM, (B) native folded 
form of tRNAPhe with [Ru(bpy)2(dppz)2+] =  700 µM, in Lanes 1-3, [Co(NH3)5Cl2+] = 1000 
µM, and (C) chart depicting the quantiation of both forms of tRNAPhe with the 
Ru(bpy)2(dppz)2+ method.  Time of photolysis was 30 min for both forms of tRNAPhe.  
Cleavage intensities are in arbitrary units normalized to G43.  Semi-denatured tRNAPhe is 
abbreviated s-d, and the native folded form of tRNAPhe is abbreviated folded.  No 
sttatistically significant (P < 0.05) differences in intensities were found between the semi-
denatured and folded tRNAPhe.  Each reaction was run in triplicate.  Error bars represent the 
standard deviation. 
 
 
Upon comparison of Ru(bpz)32+ and Ru(bpy)2(dppz)2+ oxidation of the two 
conformations of tRNAPhe, there are a few notable differences (Figure 5.10).  At nucleotides 
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G18-20, A35/36, and A38, Ru(bpz)32+ shows much greater oxidation than Ru(bpy)2(dppz)2+ and a 
smaller increase of oxidation at nucleotides G45, m7G46, G57, and G65.  This increased 
oxidation for Ru(bpz)32+ may indicate that this ruthenium complex is better at targeting 5′-
guanines and flexible nucleotides that are found in loop regions than Ru(bpy)2(dppz)2+.   
 
Figure 5.10.  Comparison of the quantiation of both forms of tRNAPhe with the Ru(bpz)32+ 
and Ru(bpy)2(dppz)2+ methods.  Cleavage intensities are in arbitrary units normalized to G43.  
Semi-denatured tRNAPhe is abbreviated s-d, and the native folded form of tRNAPhe is 
abbreviated folded.  Statistically significant (P < 0.05) differences between the Ru(bpz)32+ 
and Ru(bpy)2(dppz)2+ treated semi-denatured tRNAPhe were found for G18-20, A35/36, A38, and 
G57.  For folded tRNAPhe statistically significant (P < 0.05) differences between the 
Ru(bpz)32+ and Ru(bpy)2(dppz)2+ methods were found for G18-20, A35/36, and A38.  All 
reactions were run in triplicate.  Error bars represent the standard deviation.   
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Figure 5.11A and B shows a comparison of the oxidation of tRNAPhe with all the 
ruthenium complexes studied.  Here, we see that although Ru(bpy)2(dppz)2+ has a lower 
intensity of oxidation throughout, most likely due to its short excited state lifetime, it still has 
similarities with Ru(bpy)32+ of the flash-quench mechanism and Ru(tpy)(bpy)O2+ in targeting 
the flexible loop regions of the RNA. 
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Figure 5.11.  Compilation of the both forms of tRNAPhe oxidiation by all ruthenium 
complexes studied: Ru(bpy)32+, Ru(tpy)(bpy)O2+, Ru(bpz)32+, and Ru(bpy)2(dppz)2+.  The 
Ru(bpy)32+ and Ru(tpy)(bpy)O2+ data are from Chapter 4.1, 5  Cleavage intensities are in 
arbitrary units normalized to G43.  Semi-denatured tRNAPhe is abbreviated s-d, and the native 
folded form of tRNAPhe is abbreviated folded.  (A) Statistically significant (P < 0.05) 
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differences between the Ru(bpy)32+ and Ru(tpy)(bpy)O2+ treated semi-denatured tRNAPhe 
were found for G18-20, A21, A35/36, A38, G45, m7G46, C56, and G57; between Ru(bpy)32+ and 
Ru(bpz)32+ at G18-20, A21, m22G26, A35/36, A38, G45, m7G46, C56, and G57; between Ru(bpy)32+ 
and Ru(bpy)2(dppz)2+ at G18-20, A21, A35/36, A38, G45, m7G46, C56, and G57;  between 
Ru(tpy)(bpy)O2+ and Ru(bpz)32+ at G18-20, m22G26, A35/36, A38, Ψ39, Ψ55, G57, and G65; between 
Ru(tpy)(bpy)O2+ and Ru(bpy)2(dppz)2+ at m22G26, A38, Ψ39, and Ψ55; and between Ru(bpz)32+ 
and Ru(bpy)2(dppz)2+ at G18-20, A35/36, A38, and G57.  (B) For folded tRNAPhe statistically 
significant (P < 0.05) differences between the Ru(bpy)32+ and Ru(tpy)(bpy)O2+ methods were 
found for G18-20, m22G26, A35/36, A38, G45, m7G46, C56, G57, and C70; between Ru(bpy)32+ and 
Ru(bpz)32+ at G18-20, G45, m7G46, C56, and G57; between Ru(bpy)32+ and Ru(bpy)2(dppz)2+ at 
G18-20, A35/36, A38, G45, m7G46, and G57; between Ru(tpy)(bpy)O2+ and Ru(bpz)32+ at A35/36, 
A38, and G57; between Ru(tpy)(bpy)O2+ and Ru(bpy)2(dppz)2+ at A38, G45, and m7G46; and 
between Ru(bpz)32+ and Ru(bpy)2(dppz)2+ at G18-20, A35/36, and A38.  All reactions were run in 
triplicate.  Error bars represent the standard deviation.  The Ru(bpy)32+ complex was used for 
the flash-quench mechanism in Chapter 4 and Ru(tpy)(bpy)O2+ is abbreviated RuO for the 
legend. 
 
5.3.3 The MIRE RNA Studies 
The more streamlined RNA, MIRE, was oxidized by Ru(bpz)32+ and 
Ru(bpy)2(dppz)2+ to see if the lack of flexible features such as loops and bulges affected the 
intensities of oxidation (Figure 5.12A, B, and C).  For MIRE, uridine’s oxidation potential 
was lowered due to the nucleotide being bulged out of the sequence, allowing its oxidation to 
occur in the presence of the ruthenium complexes.  Oxidation with Ru(bpz)32+ occurs mostly 
at nucleotides U3, G6, G14, G16, G20, G24, and G25 (Figure 5.12A and C).  Interestingly, along 
with oxidation in the hexaloop, 5′-C12A13G14U15G16N17-3′, and the U3 bulge, we see 
oxidation in the stem regions at G6, G20, G24, and G25 that was not seen with the other 
ruthenium complexes (Figure 5.13).  Also, there is increased oxidation at G20 in comparison 
to G21, G24, and G25, while in Figure 5.4A and B for Ru(bpz)32+ oxidation of IRE, there is 
increased oxidation for G26 in comparison to G22, G23, and G27.  The oxidation found in the 
stem region of MIRE may indicate that Ru(bpz)32+ has less specificity for flexible regions of 
oligonucleotides than the rest of the ruthenium complexes; although it still targets single-
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stranded regions, possibly due to its electrostatic binding16 and a longer excited state of 
approximately a few hundred microseconds,13 and its very unstable excited state which is less 
stable than that of the excited state of Ru(bpy)32+.16  The selectivity seen for G20 versus G21 is 
due to Ru(bpz)32+ specificity for 5′-guanines in a 5′-GG-3′ series.  The greater specificity for 
G20 in comparison to the other 5′-guanine, G24, may be due to the environment of its 3′ 
guanine, G25, being opposite to the U3 bulge that did not occur with IRE RNA.   
 
Figure 5.12.  The Ru(bpz)32+ and Ru(bpy)2(dppz)2+ reactions of MIRE: (A) Ru(bpz)32+ 
reaction where [Ru(bpz)32+] = 250 µM, in Lanes 1-3 with a time of photolysis of 30 min, (B) 
the Ru(bpy)2(dppz)2+ reaction where [Ru(bpy)2(dppz)2+] = 700 µM and [Co(NH3)5Cl2+] = 
1000 µΜ, in Lanes 1-3 with a time of photolysis of 30 min, and (C) quantitation chart 
comparing (A) and (B), cleavage intensities are in arbitrary units normalized to the cleavage 
occurring at G0.  Statistically significant (P < 0.05) differences were found between 
Ru(bpy)2(dppz)2+ and Ru(bpz)32+ at G6 and G14.  Each reaction was run in triplicate.  Error 
bars represent standard deviation.   
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 In comparison with Ru(bpz)32+, oxidation of MIRE by Ru(bpy)2(dppz)2+ was more 
typical of the oxidation seen by the other ruthenium complexes (Figures 5.12A and C and 
Figure 5.13).  Oxidation primarily occurred at the nucleotides corresponding to the bulge 
and loop regions of MIRE at U3, G14, and G16, indicating that Ru(bpy)2(dppz)2+ oxidation 
targets solvent-accessible, flexible regions of oligonucleotides.  
 
Figure 5.13.  Comparison of the oxidation of MIRE RNA by all ruthenium complexes 
studied: Ru(bpy)32+, Ru(tpy)(bpy)O2+, Ru(bpz)32+, and Ru(bpy)2(dppz)2+.  The Ru(bpy)32+ 
and Ru(tpy)(bpy)O2+ data are from Chapter 4.1, 5  Cleavage intensities are in arbitrary units 
normalized to the cleavage occurring at G0.  Statistically significant (P < 0.05) differences 
were found for nucleotides U3, G6, G14 and G16 between Ru(bpy)32+ and Ru(tpy)(bpy)O2+.  
For Ru(bpz)32+ statistically significant differences were found between Ru(bpy)32+ and 
Ru(bpz)32+ at U3, G6, and G14, between Ru(tpy)(bpy)O2+ and Ru(bpz)32+ at G6, G16, and G20, 
and between Ru(bpy)2(dppz)2+ and Ru(bpz)32+ at G6 and G14.  For Ru(bpy)2(dppz)2+ 
statistically significant differences between Ru(bpy)32+ and Ru(bpy)2(dppz)2+ were found at 
U3 and G14 and between Ru(tpy)(bpy)O2+ and Ru(bpy)2(dppz)2+ at G14 and G16.  Each 
reaction was run in triplicate.  Error bars represent standard deviation.  The Ru(bpy)32+ 
complex was used for the flash-quench mechanism in Chapter 4 and Ru(tpy)(bpy)O2+ is 
abbreviated RuO for the legend. 
 
  191
5.3.4 The IRE RNA Bound to Yohimbine Studies 
Previously, we found that the small molecules yohimbine and promazine bind to IRE 
and increase the translational efficiency of ferritin.1, 2  Yohimbine’s binding site was obtained 
by incubating radiolabeled IRE with increasing amounts of the small molecule followed by 
incubation with Ru(tpy)(bpy)O2+.1  The resulting gel showed decreases in cleavage intensity 
at the guanine positions that were bound to yohimbine (Chapter 4, Section 4.3.5).  However, 
when yohimbine bound IRE RNA was oxidized with Ru(bpy)32+ via the flash-quench method 
no changes in cleavage intensity occurred with increasing amounts of yohimbine (Chapter 4, 
Section 4.3.5).  To determine if we could find a new footprinting agent, we tested the 
oxidation of IRE bound to yohimbine with Ru(bpz)32+ and Ru(bpy)2(dppz)2+. 
Visualization of the oxidation of IRE bound to yohimbine with Ru(bpz)32+ may show 
a decrease in cleavage intensity with increasing amounts of yohimbine, particularly at 
nucleotides G22 and G23 and to a lesser extent at G16 and G18 (Figure 5.14A and B).  These 
nucleotides were associated with a decrease in cleavage intensity with Ru(tpy)(bpy)O2+ as 
well.1  It is not very surprising that Ru(bpz)32+ may be a possible footprinting agent due to the 
results we saw with Ru(bpz)32+ oxidation of MIRE (Section 5.3.3, Figures 5.12A and C).  
Here, we saw that Ru(bpz)32+ was able to oxidize guanines in the stem region, showing less 
specificity than we saw with other ruthenium complexes for flexible regions of the RNA; 
although, it still targeted this single-stranded regions with greater oxidation.   We 
hypothesize that small molecule binding to an oligonucleotide inhibits its conformational 
flexibility, and if Ru(bpz)32+ is more efficient at oxidizing nucleotides throughout the 
oligonucleotide, then this would allow Ru(bpz)32+ to footprint small molecules bound to 
oligonucleotides.  
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Figure 5.14.  (A) The Ru(bpz)32+ reaction of yohimbine bound to IRE. The [Ru(bpz)32+] =  
250 µM, in Lanes 1-5, [yohimbine] = 0 µM in Lane 1, 1 µM in Lane 2, 5 µM in Lane 3, 10 
µM in Lane 4, 20 µM in Lane 5, yohimbine was incubated with RNA prior to addition of 
metal complexes for 15 min, and time of photolysis was 30 min.  (B) Quantitation of (A) 
where cleavage intensities are in arbitrary units normalized to the cleavage occurring at G0.  
The reaction was run in triplicate.  Error bars represent standard deviation. 
 
 
The oxidation of yohimbine bound to IRE for Ru(bpy)2(dppz)2+ showed no difference 
in oxidation for the RNA in the presence or absence of yohimbine (Figures 5.15A and B).  
This is not surprising, since in this study with IRE, tRNAPhe, and MIRE, we found that 
oxidation only occurred in flexible regions of the RNA much like that of Ru(bpy)32+ with the 
flash-quench mechanism.  It seems from these experiments when Ru(bpy)2(dppz)2+ oxidizes 
an oligonucleotide, it mostly acts like Ru(bpy)32+ in the flash-quench mechanism with some 
differences which may be due to the lifetime of its excited state species.   
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Figure 5.15.  (A) The Ru(bpy)2(dppz)2+ reaction of yohimbine bound to IRE.  The 
[Ru(bpy)2(dppz)2+] = 700 µM, [Co(NH3)5Cl2+] = 1000 µΜ in Lanes 1-5, [yohimbine] = 0 µM 
in Lane 1, 1 µM in Lane 2, 5 µM in Lane 3, 10 µM in Lane 4, 20 µM in Lane 5, yohimbine 
was incubated with RNA prior to addition of metal complexes for 15 min, and time of 
photolysis was 30 min.  (B) Quantitation of (A) where cleavage intensities are in arbitrary 
units normalized to the cleavage occurring at G0.  The reaction was run in triplicate.  Error 
bars represent standard deviation. 
 
 
5.3.5 Isotope Effect Studies  
Isotope effect studies reflect the importance of proton transfer to occur to allow the 
irreversible guanine oxidation.  In deuterated samples, the heavier mass of the deuterium and 
the lower zero-point energy of the OD vibration make it harder for proton transfer to occur, 
and usually causing less guanine oxidation to occur in contrast to the samples prepared in 
H2O.50-53  However, in polynucleotides a variance of the isotope effect occurs which usually 
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shows the solvent accessibility of individual nucleotides, thus a more solvent accessible 
nucleotide should have a normal isotope effect.6  On the other hand, when all of the samples 
including the ruthenium complexes are prepared with deuterated-H2O, the deuteration also 
can influence the excited state lifetime of the ruthenium complex, therefore, affecting its 
ability to oxidize oligonucleotides.  With the isotope effect, we see the deuteration affecting a 
combination of species: the proton transfer in the oxidation mechanism of nucleotides and 
the excited state of the ruthenium complexes. 
Previously with the isotope effect, we saw a normal isotope effect occurring at bulge 
and loop regions at guanine positions 0, 16, and 18 for both Ru(bpy)32+ in the flash-quench 
mechanism and for Ru(tpy)(bpy)O2+ oxidation, most likely due to the importance of proton 
transfer due to the nucleotides’ accessibility (Chapter 4, Section 4.3.6).  Guanine positions 7 
and 26 showed an inverse isotope effect for the flash-quench Ru(bpy)32+ samples and at 
guanine position 22 an inverse isotope effect was observed for the Ru(tpy)(bpy)O2+ samples.  
The increased number of inverse isotope effect sites with the flash-quench reaction was 
hypothesized to verify that the limited lifetime of the Ru(bpy)33+ complex hindering its 
ability to oxidize nucleotides in contrast to the Ru(tpy)(bpy)O2+ method. 
We see the deuteration affecting the excited state of the ruthenium complexes, 
Ru(bpz)32+ and Ru(bpy)2(dppz)2+.  In Figure 5.16, we attempted to oxidize IRE RNA under 
H2O and deuterated conditions, however, the affect of deuteration that is obtained here is an 
extension of the lifetime of the excited state of Ru(bpz)32+, causing an over-oxidation of the 
IRE RNA and making it unable to be quantified due to the indistinct cleavage bands.  Similar 
results were obtained by Vicendo et al.18 
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Figure 5.16.  Isotope effects of the Ru(bpz)32+ reactions of IRE: Lanes 1-3 are the reactions 
in H2O with [Ru(bpz)32+] = 250 µM.  Lanes 4-6 contain the deuterated samples with 
[Ru(bpz)32+] = 250 µM.  Photolysis time was 30 min for both samples.  The black arrow 
indicates uncut RNA that was not oxidized in the reaction. 
  
Figure 5.17A and B show the isotope effect of IRE with Ru(bpy)2(dppz)2+, where we 
see very little oxidation in the deuterated samples in comparison to the H2O  samples, and a 
normal isotope effect at all nucleotides.  The low level of oxidation that is occurring for 
Ru(bpy)2(dppz)2+ in the deuterated samples is not surprising as the heavier mass of the 
deuterium makes it harder for proton transfer to occur, therefore, it takes more energy for 
guanine oxidation to occur.  The Ru(bpy)2(dppz)2+ complex when reacted with a quencher 
already has the smallest excited state lifetime of the ruthenium complexes studied,24, 41 and 
the deuteration of the samples further inhibits guanine oxidation.  The deuterated samples 
also appear to show equivalent oxidation at all guanines instead of specific oxidation at 
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flexible regions of the RNA that occurs in the H2O samples; however, this is most likely due 
to the low level of oxidation that is occurring.  
 
Figure 5.17.  Isotope effect of the Ru(bpy)2(dppz)2+ reactions of IRE: (A) Ru(bpy)2(dppz)2+ 
reaction where Lanes 1-4 are the reactions in H2O with [Ru(bpy)2(dppz)2+] = 700 µM, 
[Co(NH3)5Cl2+] = 1000 µΜ.  Lanes 5-8 contain the deuterated samples with 
[Ru(bpy)2(dppz)2+] = 700 µM, [Co(NH3)5Cl2+] = 1000 µΜ.  Photolysis time for both 
reactions was 30 min.  (B) Quantitation of the isotope effect of Ru(bpy)2(dppz)2+ of (A).  
Cleavage intensities are in arbitrary units normalized to the cleavage occurring at G0.  
Statistically significant (P < 0.05) differences between the H2O and D2O samples in intensity 
were found for G16.  Error bars represent the standard deviation.  The reaction was run in 
triplicate.  
 
5.4 Conclusions 
Previously in Chapter 4 we established that ruthenium compounds that were only 
used for DNA oxidation can also be used for RNA oxidation.1, 3, 5, 6  In this work, we 
extended the studies of Chapter 4 to look at two other ruthenium complexes, Ru(bpz)32+ and 
Ru(bpy)2(dppz)2+. 
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Using three different pieces of RNA, we found that the Ru(bpz)32+ targets 5′-guanines 
in 5′-GG-3′ and 5′-GA-3′ series in RNA similar to results obtained with DNA as seen in 
Chapter 3 and by the Vicendo lab,15-18 and the 5′-guanine oxidation was highly dependent 
on the adjacent 3′-nucleotide’s environment.  We also demonstrated that although Ru(bpz)32+ 
does oxidize flexible regions of RNA with greater propensity than less flexible regions of 
RNA, we still see oxidation occurring in the less labile regions.  Therefore, Ru(bpz)32+, much 
like Ru(tpy)(bpy)O2+ oxidation of RNA, as studied in our lab and in Chapter 4,1, 3, 5, 6 is 
capable of having greater accessibility to all nucleotides throughout an RNA sequence.  This 
may be explained by the Ru(bpz)32+ and Ru(tpy)(bpy)O2+ complexes’ longer lifetimes of 
their excited state in comparison to Ru(bpy)32+ in the flash-quench mechanism and 
Ru(bpy)2(dppz)2+.  Due to the similarities between Ru(bpz)32+ and Ru(tpy)(bpy)O2+ it would 
not be surprising if Ru(bpz)32+ could also be utilized as a chemical footprinting agent, and 
although, we did not definitively prove that it could be used as one in our study of the 
oxidation of yohimbine bound to IRE RNA with Ru(bpz)32+, there is evidence that 
footprinting could be occurring and further studies are necessary. 
The other ruthenium complex that we studied, Ru(bpy)2(dppz)2+, turned out to be the 
most complex of the ruthenium compounds examined.  We assumed that since 
Ru(bpy)2(dppz)2+, a major groove binder in DNA, is unable to intercalate into RNA, due to 
the major groove structure of RNA,28-30 that Ru(bpy)2(dppz)2+ would act similar to 
Ru(bpy)32+ in the flash-quench mechanism because of the presence of the bipyridine ligands 
and the lack of dppz intercalation.  The Ru(bpy)2(dppz)2+ complex did act similarly to 
Ru(bpy)32+ of the flash-quench mechanism in the presence of a quencher.  Only solvent-
accessible sites were oxidized in all three pieces of RNA.  However, we were unable to see 
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differences in oxidation between semi-denatured and folded conformations of tRNAPhe, and 
we were also unable to see much oxidation when the samples were prepared in deuterated-
H2O.  These differences likely occurred because of the very short lifetime of the excited state 
of Ru(bpy)2(dppz)2+ in the presence of the quencher.  The Ru(bpy)2(dppz)2+ complex has the 
shortest excited state lifetime of all the ruthenium complexes that we have studied. 
 
5.5 Future Directions 
In the work in Section 5.3.4, we found that the ruthenium complex Ru(bpz)32+ may 
show promise as a chemical footprinting agent much like Ru(tpy)(bpy)O2+.1  The Ru(bpz)32+ 
needs to be further tested and validated to ascertain if this complex can be used as a 
footprinting agent, as we did not prove this conclusively in our study.  We would like to 
repeat this study with a larger range of yohimbine concentrations.  We would also like to 
further validate the Ru(bpz)32+ complex’s use as a chemical footprinting agent with another 
small molecule, promazine, which our lab has already found binds to IRE RNA better than 
yohimbine.2  This study would not only possibly further validate our study but may also give 
better results than yohimbine due to promazine’s binding ability. 
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